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METEOROID PROTECTION FOR SPACECRANT STRUCTURES

by

o0 Tamdehery, P, Storn, and . 4. Bristow

=

ABSTRACT

A procedure to determine meteoroid-protection recuirements fov spitcece raft

st cuctures has been developed based on the meteoroid environment, acceptable
risk, mission exposu'e, and structural response to himpact. A rational evalu-
ation ol impact damoeze, based on hypervelocity test data, permits selection of

barricr elements for minimuwm-weight protection, 'or determination of the maxi-

mum particle that can be defeated by an arbitrary barrier configuration. The
efteet ol stress and hypervelocity impact on aluminum tankage at 2rvogeniesgem=
peratures is investigited. The critical stress to resist catastropnic fracture

is determ’ned for a range oi impact damage patterns, material thiicknesses,

and operating temperatuves. ~
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FORFWORE™

This report presents the work accomplished by The Bociig Company from June

26, 1963, to August 26, 1964, on "Meteoroid Protection for Spacecraft Structures, "
Contract NAS3-2570. The work was administered under the direction of Mr.
Gordon Smith of the NASA Lewis Research Center.
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METEOROID PROTECTION FOR SPACECRAFT STRUCTURES
by J. I'. Lundeberg, P. H. Stern, and R. J. Bristow

The Boeing Company
SUMMARY

The elements of meteoroid protection of spacecraft structures have been analyti-
cally and experimentally studied. The hypervelocity impact tests included speci-
mens of 14 metals and 8 low-density filler materials arranged in simple and
composite-barrier configurations. Proicctile size ranged from 1. 32 to 1-4 inch
in diameter and impact velocities varied frem 5000 to 27, 000 fps.

A design procedure has been developed [or selecting the thigckness of any element
and the spacing between shielding elements for any harrier to yield minimum
shielding weight. This method allows assessment of the protection afforded by
the vehicle structure and integration of existing structural components into the
barrier. Thus, the selection of a shield compatible with other design constraints

is ensured. The solution of the empirically based penetration equation is extended

into the meteoroid velocity range, and reasonable limits are established for the
uncertainties introduced by velocit: extrapolation. The solution to the analytical
expression is presented as a nomograni, which can be used to desiun a barrier
or to determine the particle that can be dereated by a ¢:ven structure.

The impact-fracture characteristics of 2014-T6 and 2219-T62 aluminum tanks
at cryogenic temperatures were investigated. The critical preimpact stress
necessary to resist catastrophic tracture was determined as a tunetion of the
diameter of the impact damage patterr..

‘The results-of impact-{racture tests on uniaxially stressced speciimens were used
to predict the tracture characteristies of biaxially stressed spherical zvecimens.

Several diagnostic studizs were performed to determine experimentally the heut
and pressure pulse environment ot a shielded structuve under conditions ot hyvper-
velocity impact. Instrumentation was developed to measure the veloceity ot impact
debris frogments within a laver of low-density fiberglass wool insulation. The
results of the pressure and tomperature measurements of the debris cloud, al-
though too limited to be of design value, have ccotablished the lower limits at
which such inst rumentation must function.
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INTRODUCTION

Original data on meteoroids were obtained frow: astronomical observation of
meteors within Earth's atmosphere. Knowlecge of the meteoroid environment
has improved, especially since the astronomical data were supplemncnted by
satellite-borne meteorcid sensing experiments. Despite this, the hest current
estimates differ hy several orders of magnitude, and the information on the mass
range of most interest to the designer is also the most meager. This mass
range, 1072 to 10-3 gram, falls between the lower limit of the ground-based
astronomical data and the upper liniits of satellite experiments. Hopefully,
future satellite experiments providing larger-area and longer-life sensors will
provide the urgently needed additional data.

Many equations describing hypervelocity cratering of semi-infinite targets Fave
been suggested. These equations are derived from theoretical consideratiors

or from empirical correlations. To obtain a mathematically tractable formu.a-
tion, the theoretician must reduce the complexities of penetration to a single
effective physical process, sucl. as a hydrodynamic analogy (References 1 through
4). The experimentalist, because of limited laboratory simulation capability
(<30, 000 fps for well-defined projectiles), must extrapolate test data tc mete-
oroid velocities (35, 000 to 235,000 fps). Under these conditions, it is remark-
able that agreement between theoretically and experimentaliy based predictions
has been as good as it is. o

It is often assumed that cratering predictions for semi=infinite targets can be
related to the penetration of single-sheet structures- (Reférence 55; Although
single-sheet pressure compartments are adequate for present generations o
small unmanned spacecraft, even modest extensions ot vehicle mission capability
lead rapidly to prohibitively heavy shielding reintorcements. To overcome this
problem, several schemes have heen suggested. The simplest concept is a
meteoroid bumper, first proposed by Whipple (Reference 6): it has since been
studied in various forms by a numbter of investigators (References 7 and 3).
Other concepts include multisteet barriers, low-density insulation barriers,
composite combinations of muitibumpers and insulation barriers, and mechanical
atmospheres of suspended dust clouds (Reference 9). Because most extended
mission vehicles will be insulated against heat, the multisheet and insulation
shielding arrangement has appeared particularly attractive. Several programs
have been performed to evaluate the efficiency of multisheet configurations, hoth
with and without insulative layers (References 10 and 11). The intormation
gathered from these programs has been encouraging but inconclusive because

too few tests were performed and not enough experimental parameters were in-
vestigated. In oddition, it hus been found that, under certain circumstonces,
impac. penetration into such specimens can induce explosive reactions that
magnify the damage (o nearby structures (Refevence 12),




Because of imleguate knowledge of the distribution and pature of muteoroids and
their impact damage potential, the possinility of the penctration of a practieal
structure cannot be overlooked. The conseqiunees of such a penctration depend
on the type ot structural arvangement and on tire type of compartment or pressure-=
vessel penetrated. It has been recognized (Reference 13) that hypervelocity
penetration of an intact projectile into liquid-tilled tanks could 1use catastrophic
failure. However, the damage votential to pressure vessels pr.. uced by debris
fragments {rom a perforated shield has not been well defined. Rc -ent studies
(Reference 14) have shown that a static fracture mechanics criterion is inadequate
for designing pressure vessels to resist hypervelocity impact damage. These
studies have indicated that the pertinent operational and environmental factors

of stress, temperaiure, and impact must be applied simultaneously when investi-

gating candidate materials for cryogenic pressure vessels.

"

T
:.’//'!

Tasks that must be performed to provide information useful to spacecraft designers
are listed below.

1
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1) The development of a penetration equation suitable for predicting hyper-
velocity impact damage to the thin-sheetl configurations representative of
actual space-vehicle structure.

; 2) A variety of materials with a broad spectrum of physical properties must be
‘ tested to ensure that all impoitant variables are accounted for by the equation.

3) A procedure must be devised thay permits designers to select and evaluate
alternate meteoroid-shielding arrangements. In such a method, calculations
must be held to 2 minimum and the salient geomet ric design parameters
must be prominently displayed. This would then allow rapid consideration
of many design options, facilitating the t rade-off studies required to deter-
mine the effects of vehicle design constraiuts.

e

4y The penetration charanrteristics of low-density fillers must be investigated
experimentally to check ior nndesirable effects and to evaluate weight-saving
advantages.

5) Representutive composite vehicle structural arrangements must be subjected
to hypervelocity impact to chesk the validity of the predictions and to ascertain
shielding capability.

. 6) Cryogenic fuel-tank materials must be tested under representative environ-
L mental conditions and their impact-fracture characteristics eviluated.

A program for accomplishing thesc tasks has heen developed and the taske

completed.




EXPERIMENTAL PROGCRAM

TEST PLAN

A meteoroid barvrvier is the total array of materiais required to withstand a
critical-design maeteoroid. Some of these elements might serve a dual function.
The harrier might be placed on the outer shell of the vehicle as an organic part
of the load-bearing structure, it might be placed on the components to be pro-
tecied, or it might be divided between the outer sheil and the components. The
hest arrangement will-depend:largely-on the -size of:-the-meteoroid-heing-con=:: -
sidered. Small meteoroids will be most effectively defeated at the outer shell
using primarily existing structure, whereas large meteoroids will require that
protection be placed, at least in part, contiguous to the vital inner components.

A comprehensive experimental prog~am to study the penetration characteristics
of a wide variety of shield and low-density-filler materials has been undertaken.
The choice of materials was governed both by practical design considerations

and by the need to examine the effects of a broad range of physical variables such
as density, melting temperature, and sonic velocity. The metallic materials
{ested were:

1) Magnesium-lithium;
2) Magnesium:

3)  Aluminum:

4y 6Al-4V titanium;

5) Zinc:

6) 301 and 321 stainless steel;
! 1095 steel;

) Beryllium-copper;
9) Copper;

10) TZM molyvbdenum;
11) Niobium:

12) Leod:

3)  Tantaium:

‘11 Tungsten,

18 s ivostizatsd:

1)  Polvurethanc:
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2) Polystyrene;
3 Q-telt:

1)  Dexiglas:

5) Glass wool;

g) Cork

The matertals were evaluated by sub‘ecting selected configurations to hypervelociily
impact by metallic projectiles fire’ from light-gas guns. The tect velocities
veried from 5000 tu 27, 000 fps.

To provide a common basis for comparison, 2 variety of gages between 0,002
and 0.060 inch for each material was tested against 2 standard array of thin
Liuminum witness sheets. The three critical quantities deszribing damage are:
spray angle, depth of particle penetration (i.e., number of witness sheets pene-
trated), and witness-sheet hole-out._ The information obtained from these sepi-
rate teste was combined tc assess the damage resistance of the composite struc-
tural arrangements used on space vehicles.

A considerable additional weight saving for cryogenic spacecraft modules can be
obtained by incorporating the propellant tank wall and insulation with the inner
portion of the harrier. This has required investigation of the effect of fragment
impact on stressed structural specimens at cryogenic temperatures. Tests have
been perfcrmed of both uniaxially and hiaxially stressed cryogenic specimeus to
determine the impact condiiions necessary to induce catastrophic fracture.

TEST PROCEDURES

Experimental testing for this program has been performed in the Boeiv 1 hyper-
velocity laboratories. The launchers that have been used ran- fron. the 1/4-
inch-hore light-gas gun down to the 1/3% -inch-bore light-g's gun desigr.cd speci-
ficalily for impact investigations of *ain-skinned structure. T+ is range of hore
sizes provides for convenient launching of different-sized articles needed in
.eve.sping impact scaliag laws.

The 1/4-inch-hore launcier, shown ir Figure 1, nas been useu for the experi-
ii.emts requiring 1/8- and 1/4-inch-diameter projectiles. Maximum velocities
attained for these particles have becn 6,000 and 23, 090 fps, respectively,

Inst1 imentation for this gun includes six indeperdent velocity stations that trigger
five 10-megacycle solid-siate counters Spark shiadowgraphs and cameras at
each station verify the electronic veloc .y ™easure.nent and the integrity of the
projectile. Abtronic image converter cameras for high-speed photograrhy and
three flash X-rav units ave available for studies of iimpa~t phenomena.

Figure 2 shows the 1/16-inch-bore light-gas gun. Velocities up to 27,000 [ps
were ohtained using this launcher. The 1/32-inch-hore light-gas gun has been

6




uscd Lo faunch 0. 001-gram projectiles at velocitios up o 20,000 fps.  Sceveral
velociy measuring systems are usced with these guns,  Photomultiplicr tubes,
lontzation gages, and piczoclectrie crystals arve used to deteet the passage ol
the particle and to trigger a 10-megacycele counter.  Oscilloscope recordings
of the pulses arc used lor verification.  Four flash X-rar units are available
for velocity-measurement and impact studics. Specimens tested with the 1/4-
inch-hore launcher were 8 inches square: those used with e small launchers
were rectangles 2 inches wule by 3 inches long. Suitable holders were coi-
structed to allow a variety of barrier conligurations to be tested.

[esting of uniaxially loaded structure was accomplished in the 1,/4-incl.-hore
facility. The specimens, as shown in Figure 3, were 8 inches wide by 23 inches
long. Calibration tes’ s showed that the loading frame introduced no bending
stresses in any direction and that a uniform stress field existed on a seciion
transverse to tie axis of the specimen. Loads were applied by means of two
hydraulic cylinders ~onnected in parallel and supplied from a common source.
When the desired stress level was reached, the load was locked into the loading
frume through two nuts on the support columns and the hyvdraulic eylinders were
removed Continuous monitoring of stresses was obtained from three strain
gages connected tc a strip-cnart-recorder;

Tae temperature envirunment was provided by zirculating either gaseous or
liquid nitrogen through a cole hox (see Figure 1) attached to the loading trame,
A thin membrane on the front of th¢ cold Lox provided the onl:- contact with the
specimen, thus preventing axial load transfer from the specimen to the cold hox,

The precsure differential between the inside ot the cold hox and the evacuated
gas-gun range tank caused the membrane to hulge and introduced some hending
stresses in the specimen. Calibrati n tests have shown that this hulging caused
additional axial stresses in the middle suriace of the plate, hut that theyv were
alwavs less than 500 psi,

Temperatures were monitored by means of three copper-constantan thermo-
couples placed on the front and back ol the specimen and in the vicinity of the
temperature-compensated strain gages. .\ view of the rear ol the loading rame

and cold hox in the rau e tank i:. shown in Figu-c ",
MULTIPLE-THIN-SHEET SPECIMENS

The multiple~thin-sheet specimans consisted of 1 Lirst sheet (herealter called the
shicld or targe. plate), tollowed by sheets of constant thickness, called witness
sheets (Figure 6).  The spaces hetween witness sheets were - pil, The withess-
sheet ceometry and minterial were avoitrarily chosen to permit mualtiple-<hect
penetrations: subsequent testing shiowed that it was possihle to acecount for vain-
ations in the witness-sheet areangements,  This Jdemonsteated that the desivn
procedures doveloped were not hinscd he the te<t <etap,




The projectiles used were spheres, or eylinders with a length equal to their
diameter. The cylinders exhibi.ed damage charncteristies similar to spheres

of the same diamcter when the :ylinder impaeted normal to its axis of symmetry.
Il the eylinder impacted at somo other attitude, damage could hie compared to
spherical projectile data by usin. th» smallect-diameter first-sheet hole size
and the mean fragment-spray diameters, The depth of penetration did not depend
on the attitude of the cylinder,

3
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DEFINITION OF DAMAGE

One of the more difficult aspects of comparing the test resuits of several independ-
ent investigations is the lack of agreement among, authorities on how to describe
damage or even on what constitutes failure. For the purpose of this program,

four types of damage to thin unstressed metailic specinens are defined. Only

the damage that can be described geometrically is considered; changes in material
physical properties due to impact are not included. Figure 6 shows the important
o dimensions.

T

Shield or Target — For the thin sueets tested under this program, the damage
produced by an unfragmei..ed projectile consisted of a well-defined hole in the
target.

Spray Angles — Two fragment spray angles are defined. The first is the angle
subtended hetween the e. < of the target hole and the primary hole in the first
witness sheet. The second spray angle is defined for spherical projectiles as

the angle between the edge of the target-sheet hole and the outer perforations

in the first witness sheet: for cylindrical projectiles, the second angle is the angle
hetween the edge of the target-sheet hole and the mean radius of perforations in
the first witness sheet,

/ZJ il

Hole-Out — Hole-out is the area missing from the first witness sheet. Any of
the types of damage shown in Figure 7 are possible depending:
conditions.

]

Penetrat.on-— Penetration is the number of witness sheets penetrated. This
includes an estisate of partial penetration for the last sheet.
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shield Damage__ -

The well-defined hole that represents damage to thin shields can be predicted with
. accuracy. The functional relation describing the damage diameter was obtained

L3 after exhaustive correlation studies of significant material and geometric proper-
ties ol both the shield and nrojectile, This equation, as shown in Figure 8, is:

/D = .t DB/ (1 azes RS p) (1)

“expetimentat
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The projectite = were 1/16- to 1/4-inch-dinmeter spheres and 1/16- to 1,/%-inch-
diameter eyvlinders (diameter-to-length ratio equal to 1), Some tests were

repeated with projectites of orputvatont dhveonsions; Bur W de fFom Shpphiee,
pyrex, Lexar,-doamed-aluminum,--or-foamed-nickel,- Test velocities varied from
15,000 to 27,000 fps.  Target thicknesses from 0, 002 1o 0,125 inch were tested,

Fragment &priy Angles

It has long heen recognized thece for a given combination of shield and projectile
there exists a critical velocity at which the shock propagated into the projectile

on impact is sufliciently strong to shatter the projectile. If the target is thin
enough, the average velocity of the debris cloud (consisting of fragments from

hoth the shield and projectile) is nearly the same as the particle impact velocity,
As the projectile velocities increase, the heat energy liberated on impact increases
until fragments of the projectile and shield begin to melt or vaporize (or hoth).

Both fragment size and dispersion are strongly dependent on impact velocity.
The magnitude of this effect may he seen in Figure 9, which shows a standard
array of 0.020-inch aluminum sheets struck by aluminum projectiles traveling
at speeds of from 5000 to 26, 600 fps. It has been postulated (Refcrence 13) that
at meteoroid velocities all material involved in the impact will be vaporized, and
that no solid debris will impinge on structure hehind the shield. Careful examin-
ation of the test specimens has indicated that this is unlikely., Examination of
the first-witness-sheet spray damage has shiown that many of the fragments
around the outer damaged diameter impacted at low speed, even for the highest
velocity tests, The conclusion that some solid fragments will he present at any
velocity can also be obtained theoretically, This is based on the fact that the
target nole diameter in a thin target is significantly larger than the projectile
dinmeter. The target material outside of the projectile diameter is removed by
shearing action, which begins at the projectile edge and moves outward. The
forces causing this shearing have a maximum value at the edge of the impact
zone and dissipate a5 the hole grows. Even at the highest impact velocities, the
target fragments near the outer edge of the hole will gain relatively littie energy
and have low resulting velocity. Therefore, some fragments would gain insuf-
ficient energy for melting or vaporization,

‘When the projectile and target tracments sirike the first witness sheet, damage

may occur in any ol the patterns shown in Figure 7. Two types of tragment spray
angles have heen defined (Figure 6). The first angle, ¥,, was p'cked because it
gives an indieation of the diameter of the deeply penetrating spray. The second
spray angle, 7., was picked to give an indication oi the total potential damage
areua on the second sheet, As shown in Figure 10, the spray angles can be approx-
imated as:

) o /i A 2 /3
¥ - 0.z (000 1 o /ey (2)
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The spray angle, %o, reaches a maximum of approximately /4 radians, after
which it remains constant, Taie above equations were derived using aluminum
projectiles at 15, 000 to 25, 000 fps impacting various target materials ond thick-
nesses: the aluminum witness sheets all had a sheet-thickness-to-projectile -
diameter ratio of 0,16. The spacing between the shield and lirst witness sheet
was 20 projectile diameters,

Normalized spray angles based on Equations 2 and 3 are plotted for a variety of
shicld materials in Tigure 11. The least dense material, magnesium-lithium,
produces the smallest spray angle: tungsten, the most dense material, produces
the largest. Figure 12 illustrates the difference in spray-angle characteristics
produced by magnesium-lithium and tantalum shields. This phenomenon cannot
be explained on the basis of shield mass per unit area, since increasing shield
thickness of low-density materials did not produce the results indicated in the
photograph. However, the melting temperature of the target material has a
significant effoct. The high-melting-point materials produced a spray of discrete
particles with little vaporization, as evidenced by the individual impacts on the
second sheet, Low-melting-point materials, on the other hand, produced a more
volatilized debris that resulted in greater hole-out, but less penetration.

As discussed previously, the choice of witness-sheet thickness and spacing

was somewhat arbitrary. Since it was necessary to correlate the results for the
arrays used in the 1/16- and 1/4-inch-gun facilities, and because it was desir-
able to extend these findings to other configurations, a number of tests were

_..performed to examine the effects of witness-sheet spacing and thickness on spray

angle for various materials. Aluminum and steel were chosen as representative
ot the low- and high-melting-point materials. The results of the test series,
shown in Figures 13 and 14, confirm:that i5 i the geowretric arrange=~
ments can be accounted for in a ratfohai-manner; e

Hole-Out
When the projectile and shield fragments are very small, damage to the first
witness sheet is similar to that produced by a normal pressure pulse. -If the skin
is stressed hy the impact ahove its dynamic ultimate strength, the damage is a
petalled hole, as shown in Figure 15. If the transient stresses are less than the
ultimate, but above the dynamic vield strength, the damage is limited to perma-
nent local deformation, as indicated on the last witness sheet in Figure 15. The
normalized hole area for several shield materials is shown in Figure 16 as a
function of relative shield thickness. The hole-out of petalled sheets was obtain-
ed by measuriug the area contained within the line on the petal surface 1 projec-
tile dinmeter helow the original sheet surface. The hole-out of pinholed sheets
was obtained by measuring the hole diameters in a typical circular segment. The
total hole-out was then cilculated by summing the areas of the individual holes.
For ty /D less tha. 0.2, the hole-out is greatest with shields having a high melt-
ing point.  When ty /D is greater than 0,2, the larger hole-out is associated with
low-melting-point shields, The high-melting-point shields produce many small
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pinholes, as shown by the tantalum specimen of Figure 12, An cmpirical plot
showing the physical quantities on which this type of hole-out depcurds is shown
in Figure 17,

The variation of hole-ont with changes in witness-~shect spacing and thickness
is shown in Figures 18 and 19, Several trends can be seen {rom these figures.
One is that hole-out-versus-witness-sheet-geometry relations are also depei-
dent on shicld material. A second is that, for aluminum shiclds, maximum
hole-out occurs at a shicld spacing of about 15 projectile diamcters. Finally,
for Lthree of the four shields tested, the thickness of the witness sheet made
little difference in the hole-out.

Penetration

Penetration of the multisheet specimens is defined as the number of withess
sheets penetrated plus the penetrated fraction of the sheet against which the
fragment stopped. Figure 2C shows the effect of shield thickness on penetration.
Melting temperature of the shield appears to be of major importance in deter-
mining penetration. Lead, with the lowest melting point, exhibits the least
penetration; tungsten, which has the highest melting point, shows the greatest
penetration. The combined effects of the important physical properties for all
metals tested are shown in Figure 21. The exponent appearing on the shield-
thickness term represents an approximation. The large number of data available
for aluminum shieids made it possible to obtain a more accurate empirical rela-
tion to account for shield thickness. Figure 22 shows this function.

The effect of witness-sheet thickness and spacing on penetration is given in
Figures 23 through 25, Figure 23 shows that penetration drops off much more
rapidly with witness~-sheet thickness for steel shields than for aluminum shields.
Figure 24 gives penetration as a funciion of the spacing between the shield and
the first witness sheet. Increasing spacing reduces penctration for aluminum
shields. However, steecl shields produce a maximum penetration near the middle
of the spacing range tested. Figure 25 shows the effect of witness-sheet spacing
on penetration. The penetration of aluminum-shielded specimens changes little
with an increase ia witness-sheet spacing; the penctration of steel-shielded speci-
mens decreases rapidly. The relative weights of shield plus witness shects
required to stop the projectile are plotted in Figure 26 as a function of shield
thickness. Aluminum, magnesium, and magnesium-lithium are signiticantly
lighter than the other shield materials tested.

COMFPOSITE SPECIMENS

A space-vehicle hull 1§ composed of-structural and-insulating materials; wswally. |~ 7

arranged with the insulation between two or more thin metallic sheets., Other
structural members are present, but have been neglected for this stady. To test
practical configurations of this tyvpe, a number of composite barriers of thin
sheets, honcyeomb, and low-density-insulation or {iller matcerials were tested
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using 1/32- to 1/4-inch~diameter magnesium-lithium and aluminwn projectiles.
FiHer Matcrials

The filler materials investigated included polyurethane, polystyrene, Q-felt,
stabilized Q-fclt, Dexiglas, Owens-Corning TW-F insulating wool, and Armstrong
low-density cork. All of the filler materials except the cork were first tested in
an unshielded configuration approvimatiig « semi-infinite target to determine the
relative effects of fragment penetration before testing more complicated arrange-
ments. These tests were performed using 1/32-inch magnesium-lithium projec-
tiles in the veloeity range of 14,000 to 20, 000 fps. In this unshielded configura-
tion, the penetration damage for all materials appeared to be geometrically
similar. Damage consisted of a long cylindrical hole. In addition, there was
some heat discoloration for a distance of from 3 to 5 projectile diameters from
the central hole.

No weight advantage appears to be gained by increasing the density of the rigid
cellular fillers. For example, if the three densities of polystyrene foamn are
compared on a weight-per-unit-area basis (i.e., depth of penetration times gross
density), the quantity of material required to defeat a 0.49-milligram magnesium-
lithium particle at approximately 16,000 fps is 0.110 + 0.010 pound per square
foot for all densities. Similar tests using 1.02-milligram aluminum particles

at approximately 15, 000 fps show that 0.200 + 0.030 pound per square foot is
needed.

Multiple close-packed layers of foil and insulation materials such as Dexiglas
do not appear promising as barrier elements. It is estimated that 0.40 pound
per square foot will be required to defeat a 1.02 milligram aluminum particle
at approximately 18,00 fps. This is twice the weight of a polystyrene filler.
None of the fillers gave any indication of the explosive reactions that were dis-
covered later when shielded configurations were tested. This is further evi-
dence that filler evaluation must include testing of conTigurations approximating
the actual proposed usage.

Three types of fiberglass wool containing various amounts of resin binder were

~ tested. The tests were parformed to determine if combustible ingredients in the
filler enter into a chemical reaction with the fragmentz. The material proper-
ties are tabulated below.

Inorganic Fiber Fillers (With and Without Organic Binders)

Unrebtramed Test Demlty
Material Binder Density (Ib/ {t) (th/ft3)
BMS 8-48 Johns-Manville Phenolic Resin 1.36 1.02 & 4
Microlite AA 17. 0%
Unbonded B Fiberglass I\ona 0.95 0.385 & 4.2
Insulating Wool -—— Owens- Organic Lubricant 2.5 6.5

Corning TW-F
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Tests of these materials indicated that the quantity of bonding material does ot
affect the damage pattern in the wool. However, a slight weight advantage may
be attainable by using unbonded fiberglass wool. A corpariceu oi all materials
tested indicates that fibrous filler materials (glass wool and Q-felt) are more
effective than cellular materials (polystyrene and polyurcthane) in erading pro-
jectile fragments. Closed-cell foams are undesirable because of secondary
damage effects. The outer shield shatters the projectile into mizuny small parti-
cles, some of which are vaporized (along with the filler material), giving rise to
a highly compressed volume of gas. The resulting pressure pulse zhatiers the
filler material over a wide area adjacent to the path of the particles and sub-
stantially increases the damage to the inner shield (Ref. 11). The skin suffers

a large petal-shaped hole similar to those {requently seen when explosions cccur
adjacent to thin-sheet structures. A similar effect is observed tor any low-
density filler if sufficient space is not provided betweeun the shield and the skin
to relieve the compressed gases.

‘Range Pressure

The effect of range pressure on target damage was investigated by testing iden-
tical specinens at range pressures varying between 0.095 and 40 torr. The
results of these tests, shown in Figure 27, indicate that no sigrificant variation
in target damage can be attributed to the presence of residual atmospheric gases
in the test range.

Fragment Velocity

The velocity of the debris in glass wool was measured using an ionization probe.
Two specimen configurations were tested. Inthe first, giass wool was placed
directly behind = 0; 020<inchabuminum sheet.” The second was similar execept that
a space woc 1Ll berween the aluminum sheet and the woel. The projectile was

a i/4-lnchi-diameter aluminum sphere fired at approximarely 20, 000 {ps, The
results of the tests, shown in Figure 293, indicate that the greatest deceleration
occurs as the fragments enter the woel. Because of the limited range ol vari-
ables examined, no conclusion can be reached concerning specimen geomet v,
wool density, or projectile characteristics. These tests have, however,
demonstrated the teasibility of this experimental technique: it is anticipated that,
when suflicient data hecomes available, improved estimates can he made ef the
subsequent damage potential of tragments aftey they have penetrated varions
distances inlo low-densitvy materials,

Composite Configurations

Following preliminary cvaluation of the fillers, composite specimens stmulating
actual spacecraft holls were tested vsing aluniinum and Lesan projectiles. The
projectile diameters ranged feom L2160 to 1.4 inch, and veloeitics varied teom
15,000 to 25, 008 tps:  Three genersl eontizurations were investigated: The
fivst consisted ol a low-density tiller hetween two alinninom sheets, The seeond




configuration had threc sheets with filler between the first and second or the .
second and third shects. The first sheet material was either aluminum or 201

stainless steel: the second two were of aluminum. The third configuration was

similar to the second except that honeycomh core wit+ placed either in the first

or second space between the sheets. Witness sheets o aluminum piaced behind

the specimens made it possible to evaluate the velative effectiveness of the har-

rier, even when they were penetrated.

The composite specimen tests verified the results of the carlier filler tests. In

addition, it was found that both cellular and fibrous fillers of the same density

had approximately the same stopping power, but the damage to the shect follow-

ing the filler was different. This sheet damage increased for the confisurations

in the order below: .

1) Fiberglass wool wi*’ preceding air space;
2) Fiberglass wool without air space;

3) Open-cell foam;

4) Closed-cell foam.

Low-density cork was found to shatter over 2 iarge areas on impact; damage to
adjacent sheets was also high.

When unbonded honeycomb core was placed between aluminum sheets, it was
found that penetration occurred as though the honeycomb had not been present.
One specimen was tested using bonded honeycomb. The damage to material
adjacent to the point of impact was somewhat less but total penetration did not
appear to he reduced. In tests performed using honeycomb, neither heneficial
nor deleterious effects were noted that could be attributed directly to the presence
of honeycomb in the configuration.

The results of the composite barrier testing are summarized in Figure 23. The
figure shows unit weight and overall depth for all of the composite specimens
impacted by 1/4-inch-diameter aluminum spheres at approximately 20, 000 fps.
Although many configurations were tested, barrier depth was found to correspond
to barrier weight for a particular type of damage. One test (Number 262) does
not al first appear to fall within the proper damage zcue. However. Test Number
262 contained honeycomb that added to the configuration weight, but did not help .
Acfeat the projectile. In Figure 29, two arrows are drawn from several of the

points. The arrows showing an increase in barrier depth indicate where the points

would lie il the witness sheets were ineluded in the coniiguration.  The horizontal

Arrows show the inereasc in unit weight it the final-shect thickness was inereased .
sufticientlv to dotfeat the projectile. The increase in final-siheet thickness was

palenalatod naing the mildisieet design procedure to be deseribed later,

Ponot patiss test 1ata were obtained in sulficient quantity to develop a penetriation
coprstion applicable to Tiberglass wonl between aluminum shects., The geometry i
ol the test sperimens is shown in Firore 30 and the test rosults nre shown in Figure 31, |




The results indicate that penetration with filler can be related to penetration
without filler by the following equation:

Ny -~ KN,. (1)

The factor K was found to depend on projectile veloeity and filler thickness and
density in the following manner:

K = 1-C.9 8¢/D [1 + 113 (of/pl)z] { (V/C) ()
The velocity functional relationsiiip is shown in Figure 32.
STRESSED SPECIMENS

The consequences of meteoroid impact on a spacecraft module depends on both
the meteoroid size and on the spacecraft geometry. If the meteoroid is no larger
than the particle for which the module was designed, penetration will be limited
to the barrier. For particles of larger size, particle and barrier fragments

will strike interior components such as the surface of cryogenic tanks, or may
even penetrate into the fluid. When this happens, especially if the tank is
stressed due to internal pressurization, the tank may fail catastrophically. The
conditions under which this type cf failure occurs were investigated by subjecting
uniaxial stressed specimens and spherical tanks to controlled hypervelocity
impacts. The specimens were of 2219-T62 and 2014-T6 aluminum. Projectiles
were 1/3- to 1/4-inch-diameter aluminum spheres. In the majority of tests, a
shield was placed in front of the speciinen to fragment the projectile. Cryogenic
temperatures were obtained by placing a cold hox containing liquid nitrogen
against the back of the uniaxial specimen. A thin organic diaphragm separated
the liquid nitrogen from the stressed sheets. Spherical tank specimens were
chilled by filling with cryogen through a controlled pressure port.

Cxpcriments were conducted to determine-the effeets-of tmpaet of an unfragmented
projectile into 2014-T6 and 2219-T62 aluminum specimens backed by ligquid nitrogen.
I'or this series, no stress was applied. A typical failure is shown in Figure 33.
The 0.040-inch-thick 2014-T6 specimens (ailed even when tested with the smallest
projectile, a 1/8-inch-diame ~r aluminum sphere at 21,000 fps. The 0.100-inch
2014-T6 specimen failed when .1it by a 3/16--inch sphere at 24, 000 tps, but not
when hit by a 1/8-inch sphere at 25,900 (ps. No iracture of the 0.100-inch-thick
2219-7162 specimens occurred during tests using the largest projectile. a 1,4-
inch~diarscter aluminum sphere at 19, 000 fps Although the general trend of

data was reasonable and consistent wit. .ests veported elsewhere (Reference 141,
the limited scope of this test series preeluded cny ceneral conclusions conerning
the sipnilicance of projectile size or specimen 1 vigknessy It ean be deduced from
these tests, however, that 2219-T62 hus more resistance to rupture at these
temperatures than has 2014-T6,
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A second series of investigations was performed with gaseous nitrogen in the
cold hox. For all ervogenic tests, the specimen was first chilled by circulating
licuid nitrogen through the system. Low temperatures in the absence of liquid
were achieved by closing the liquid-nitrogen supply line and allowing the liquid
in the coid box to boil off. Indicators were used to check the level of liquid.
The impact test was performed immediately after boiloff.  Minimum tempera-
tures thus obtained varied from -130 to -250°F, depending on the thickness of
the specimen. The results of the 0.020-inch-thick 2014-T6 tests are shown in
Figure 31. The critical gross stress is shown as a function of damage size.

It was not possible to fracture the 0.100-inch-thick 2219-T62 specimens under
these conditions. This was due to the lower yield strength and higher impact
resistance of this material. The residual strength was found after impact damage
by static tensile tests. The resulte are shown in Figure 35. Two curves give
least-square fit of the data for the range tested:

log ¢ = -9.167 log (22) + 4.644 (6)

1

log 0 = -0.167 log (2a) + 4.566 )
The upper curve (Eugation 6) gives the residual static strength at room temper-
ature of specimens that were ‘ested at cryogenic temperature and on which a
cold box had heen mounted. The lower curve (Equation 7) is for specimens that
were static tested at room temperature after being impacted at room tempera-
ture. The two curves are s'gnificanily different despite similarity in apparent
impact flaw size. The tem:)eratureiif-the- specimens-during impact (possibly .

on the specimen reaction .o impact.

Liquid-nitrogen-backed 0.040-inch-thick 2014-T6 specimens with shields were
alsu tested. All shield and spacing combinations resulted in fracture. Figure
36 shows a typical faiiure.

The predictions basad on uniaxial stress data were checked by testing spherical
2014-T62 aluminum tanks. Figure 37 shows a typical test arrangement. Three
hiaxial specimen tests were pertorined. The tank specimen shown in Figure 38
contained liguid nitrogen, but was not pressurized at the time of impact. The
fracture corresponds to the failure ohserved in the uniaxial liquid-backed speci-
men. Figure 39 shows a spherical specimen aftzr impact. The tank was partially
filled with liguid and chilled to -300°F. The liquid supply was then shuf off and
the tank pressurized using gaseous nitrogen. The temperature and pressure as
recorded at the time of impact were -200°F and 1010 psi. The contents ot the
tank were, therefore, in the supercritical regime and it was not possible to deter=
mine the relative percentage of liguid and vapor. The indicated stress at the time
of impact was 27,500 psi. This point is shown in Figure 34 and is consistent

with the uniaxial data, although not directly eomparable hecause ol ditfurences

in thicknesses.
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The specimen shown in Figure 39 was retested under similar conditions except
that the shicld spacing was reduced to 3 inches. The resulting catastrophic
tailure is shown in Figure 10. The fragments of the specimen were recovered
and reasscimbled. Examination of the impact area revealed that no penetration
had occurred during impact. It is estimated that the loss of area due to the
previous impact had reduced the effective thickness in the area of impact by ahout
25 percent. Therefore, the local net static stress was approximately 35, 000 psi,
and failure would be expected.
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PENETRATION SNALYSIS

The abilivy to prediet the depth to which o hypervelocity paviicle will penetrite o
targct has long been a primary objective in meteoroud rescareh. A number of -
thcorcetical 1 empirical equations huve been descloped to prediet crater depth
in scmi-in v e targets. These cquiations have also been used to prediet penetra-
tion into arrays of multiple thin shecets by multiplying the semi-intinite cguotions
by a constant. This procedure assumes that the parametric relations effective
in deseribing semi-infinite penctration ire valid for more complex material and
geometric arrangements. Although the validity of such an assumption is doubt-
ful, it is commonly used, especially for preliminary design purposes. There is,
however, little in this approach to guide the designer in selecting meteoroid buy -
rier elements for minimum-weight detailed design, or in integruating shiclding
requirements and other operational constraint:.

Using the data obtained during this meteoroid-protection program, a method has
heen developed for determining penetration into multiple thin-sheet arruys. Eiiher
- minimam -weight barriers or shielding that incorporates load-carrying structures
= can he designed. Two penetration equations have been derived. One is approxi-
mate, but is valid for any projectile and shield-material combination. The other
will predict pene‘ration quite accurately, but is based only on data for aluminum
projectiles penetrating aluminum shields.

PENLETRATION PARAMETERS

The material and geometric parameters that have been considered in developing
the penetration characieristics of multiple-sheet barriers are discussed below.
Limitations on the validity of the equations and their extrapolations are uiso
indicated.

Projectile Shape
Spherces and cylinders with a length-to-diameter ratio of 1 have been tested. It

is ussumed that test results are applicable to all particles with a length-to-
diameter ratio of aoproximately unity.

Projectile Veloeity

A velocity range of 15,000 to 26,000 tps was used in deriving the dependence ot
penctration se vetoeity. Reasonable confidence may be placed in velovity extrap-
olations ef 10 5 15 percent. However, ot meteoroid velocitios the uncertiinty
(using several rational extrapetation techniques) in the thickness of the List sheet
of i three-clement barricr is at least o focetor of 3050 The corrcesponding uncer-
tainty in totad shiclding weight s o tactor of 2,

Dl v}
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Shield Thickness

For aluminum projectiles penctrating aluminum largets, shield-thickness-to-
projectile-dinmeter ratios of 0003 to Lare vitlid.,  For other miderials, thickness-
to <dinmeter ratios of 0,10 to 0.3 may be used.  Figures 41 and 12 show the offeet
of extending the range of thickness-to-dinmeter ratio heyond that given above,

Sheets Behind the Shield

The penetralion prediction charts were derived only for aluminum sheets behind
the shield. The charts should, therefore, be applied only io aluminum structures,
although sheets of magnesiura and magnesium-lithium are admissible. No allow-
able thickness range has been established, but sheet-thickness-to-projectile-~
diameter ratios of ¢.08 to 0.40 have been tested.

Sheet Spacing

As shown in Figures 23 through 25, the effect of spacing was found for shields of
aluminum and stainless steel. First- to second-sheet spacing was found to be
important for aluminum shields, whereas spacing behind the second sheet was
found to be significant only for shields of stainless .steei. Spacing does not appear
in the pcnetration equations, except for aluminum into aluminum.

DPENETRATION PROCESS

As discussed here, penetration is defined as the maximum penetrating power of
individuzl fragments. In the experimental work it was founrl that although major
damage was confined to the first few sheets of a multiple si. et array, very small
fragments (0.01 to .03 inch) frequently penetraicd irom 3 to Zo Wittiess cheets,
depending on the material and thickness of the shield. For aluminum, magnesium,

and magnosivm lichium shields, the number of sheets penetrated never exceeded six.

The design procedure developed from the test data demands that the shield frag-
ment the particle. This demand is easily met because even the strongest projec -
tiles (steel) will be shattered by an aluminum shield with a t/D ratio of no more
than 0.08 (the smallest tcsted) and a projectile velocity exceeding 15,000 fps. It
is also ussumed thut once the projectile is shattered, the physical process govern-
i 147 the penetration of ail subsequent sheets is the same. The best physical proof
otfered to validate this assumption is thiat microscopic examination of the perfora-
tions in the witness sheets reveits no visible variation from one sheet to the next.
subject to the above restrictions, the penctration of any projectile into any shield
followerd by aluminum sheets of constant thickness is given by

" " ) : 1/2 ] -3/
o () (oo (W ) e
TZ p2 } t2 C t:j_:
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(Equation 8 has been verified experimentally for velocities of 1.3, 000 to 26,000 ips.)

15 all terms in Equation 1o arce bheld constant, thicn

12

N (ty) /12 constant (11

where all the N sheeis tave constant thickness, If the thickness of the penetrated
sheets (cxcepling the shield) were changed, the number of sheets penetrated be-

comes

¢ \T/12
N - N _2_3' 5
Np = N ( ; ) (12)
2b
where: N, = shects penetrated in Configuration a
Ny = sheets penetrated in Configuration b
fo, = thickness of each sheet of Configuration a behind shield

ty, = thicliness of each sheet of Configuration b behind shield.

From Equation 12 it can be scen that an experiment on one configuration can be
used to predict the equired thickness, igy,, for a desired penetration, N, in
a geometrically similar configuration, provided all other conditions are held
constant.

Consider the case for which the second sheet of the desired configuration has a
thickness, ty, thatis different irem fty. the thickness of all subsequent sheets.
Because Equation 12 is predicated on the conditicn that a1l sheets behind the shield
arc of the same thickness, it is first necessary to calculate an intermediate con-
figuration that has ail sheets of thickness ty. Applying Equation 12 te the resuits
of a test configuration, a, we cilculate the intermediate configrration, b (see
Figure 43). The shield, spacing, and t, of Configuration b are identical to #
those of Configuration ¢. It is now necessury to transform the remaining N
1) sheets of thickness Loy, into the required (N, - 1) sheets of thickness ts.:
/10

top ) oL
3b "
(N, - 1) = (N, - 1)(55:) (13)

beecause 2'33% = t—.;i')




\Ui

[

4

A

il
R

e P e e
3
Ly B

'
R S S
N

ha

3

S

N

.

Substituting Kguation L2:

A) ™
N, -1 L2/
f., - —— - 14
Vi@ | /t.),l ‘/12 ( )
Nt ) -1
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Therclore, it is possible to predizt the penctration resistance ot any tluminum
multisheet barricr for a given particle and velocity from a single test, provided
that the shield material and shield spacing are held constant.

A number of tests arc needed to determine the thickness function in
N =t (VLQ‘Sl" Lys-Los- H) (15)
where H = material property.

Becuuse of this requirement, the ouly condition for which Equation 15 was estab-
lished was for the penetration of aluminum projectiles into aluminum shields.
The empirical curve for these data is shown in Figure 22 and is given by the
equation:

_, § 7 - 2.“ - /3
(v 4/3(2\7/12 Zl) 5/1 - (f.l_) 1/ . W(t_l_)l/s sl e
N =\¢C \ty / D =*\D “TUAD o

where 0.7 < (V/C) < 2 [for vV/C > 2 see Figure 46} .

I the effects of materizl welting point and density are introduced into Equation
16 along with an approximation for the tl/D function, and if the spacing terr
(Sl/D)‘5f/12 is omitted, Fquation 16 reverts to Equauica ®. It is because of the
uncertainty in the spacing and t{/D functions that Equation 8 should be used in
conjunction with a test for nonaluminum shields.

Because of the amount of labo. required to solve Equation 16 or relations similgr
to Equation 14, a nomogram (Figurc 14) has been prepared. The sample probiem
shows how a three-sheet barrier (one shield plus two backup shects) is designed
using the results of a single standard test. The nomograrn is entercd at the known
test results and with two of the three desired shield geometry vilues (spacing,
thickness, and number of sheeis). In the chart, N is the penctration heyond the
snicld, or the penetration beyond some other point in the array. Fractional values
of N are used in deriving a solution, but the nexi larger integer should bhe used
for the totl number of sheets desired in the final design. For example, assume
that u three-sheet configuration is desired such that ty and tg each arc at Least
0. 008-inch thick. Assume that the tested configuration consisted of a shield
spaced 0. 60 inch from a series of 0. 005-inch wilness sheets, four of which

are penetrated during the test,  To slart the unalysis, choose a reasonable
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spacing, perhaps 1,25 inches, and enter the chart as shbown by the solid-line
arrows. For three-sheet construction (N = 2), Ly, 15 0,010 inch. DBeenusce

this is greater than 0,008 mch, structural gages must he inereasod to satisfy

the meteoroid requirement,  An alternate solution is to increase the lirst to
sceond clewment spucing and reduce the thickness wntil to ~ £y - 0,008 iach.
Howgver, this recourse is vidlid only for aluminura shiclds, Assume [or this
cxample that 1,25 inches is the maximum aceeptanle spacing and that all inereuses
to structural gage will be absorbed by the last sheot.,  The dotted lines on the chart
show that the number of 0, 008-inzh-thick sheets penetrated is 2.3, Because the
thickness of only the third sheet is to be inereased, these 2.3 sheets must be con-
verted to one 0.008-inch sheet and an additional single sheet having the same
stopping potential as ~.3 sheets 0.0068~inch thick. The chart ix re-entered at

Np = 2.3 - 1 =1.,3. The intersection of the ty, = 0.008 linc with the Nj, -

1.3 line gives the protection capuability. All points on a horizontal line through
this point have the same protection capability. Moving horizontally. to.N = 1

gives the required tuickness (tp;, = 0.012) of the third sheet.

Both the tested and reffuired configurations discussed in this example were checked
by testing with a 1/16-inch-diameter aluminum projectile fired at 19,000 fps into
an 0.010-inch aluminum first sheet. The results of these and many other tests
have verified the predictions cbtained from the chart. Because the effect of spac-
ing has been determined accurately only for nluminum, the chart of Figure 4-
should be restricted to constant shield spacing, $14 = Syp» for nonaluminum
shields. However, because tests using low-density particles (foamed aluminum,
foamed uickel) have shown that the equation yields ~onservative results, it is feit
that use of variable spacing may be acceptable for fragile low-density projectiles
and aluminum targets.
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| 1 o DESIGN APPLICATION

5 Metcoroid-shielding design 1s accomplished in two phases —the first consists

of selecting the iargest particle the shielding must defeat, the sccond consists
of designing the siructure to withstand this particle. The nomogram of Figure
45 has been preparad to aid ip the selection of the de<ign particle., The chart

is entered at the upper right with a desired probability of 0, 1, or more en-
counters. Proceeding counter clockwise, the next diagram introduces the
exposure (the product of area and time). Moving down to a desired flux curve,
either the design particle 11ass may be read from the scaie at the lower right,
or the design particle diameter can be found from the family of density curves'"

. at the lower left. The chart is predicated upon the assumption that a Poisson
probability distribution is valid. The prcbability of n or fewer occurrences for
an expusure of AT is then given by

CroiabLan e

=

P

A DU
mracrros oem A

row g

i
o1
)

|

K=n <0AT . k
e (@ AT)
P = 2 T an
=0

J where %)

i

cumulative mean number of particles per unit area
per unit time of mass m or greater

]

g ©AT = cumulative mean number of encounters with a par-

ticle of mass m or greater for the design exposure

Four {lux curves are shown. Curves A and D define pessimistic and optimistic
limits, respectively. Curve B has been suggested by Hawkins, Reference 16,

. while C was suggested by Whipple, Reference 17. The solution of a sample
problem is shown on the chart.

After the design particle has been selected, the design of the harrier can pro-

ceed. I test results are available in which the ahove particle was projected at

design speed into an array of aluminum sheets, the first sheetof which-had-thes

same thickness as the desired shield, the structure foli
. designed by Figure 44. If the test had the same first to second sheet spacing

as in the design configuration, the nomogram can also be used for first sheets
of metals other than aluminum.

y Since laboratory techniques preclude the simulation of meteoroid™¥elocities, a -
ﬁ_ . design procedure has been developed that incorpuiates the venetration functions,
- Equation 16. The solution to the equation is presented in the form of a nemogram
' in Fignre 16, All geometric design parameters such as thickness and spacing
have been nondimensionzalized in terms of projectile diameter. The areas of

"‘5“_5 validity and restrictions on this chart are the same as those given in the section

' on penetration parameters. The chart shows a range of possible velucity extra-
polations above V/C - 1.6. This range covers the optimistic to pessimistic

~
[y

____




_"\7 -

\

s
[PV S S S—

Y

predictions of previous investigators. The upper limit reguires that multisheet
penctration he insensitive to velocity changez above 50,000 feet per sccond.
This iz the most optimistic extrapolation expected, even if complete vaporiza-
tion of the prejectile and shield fragments were possible, The lower limit
represcents the most pessimistic veloceity effect predicted for sermi-infinite and
single-sheet impact. That is, above 70,000 feet per second the change in pene-
tration with velocity is proportional to the change in the two-thirds power of the
velociiy of the projectile. Both extrapolation limit lines were faired to match
the upper end of the test data. None of these extrapolations has been verified
from laboratory data. Until reliable tests are conducted at these velocities, the s
designer must select an extrapolation based on other factors than those estah-
lished under this program.

NUMERICAL EXAMPLE

The solution of a sample problem is shown in Figure 46. The example falls -
within the laboratory test range; the predicted configuration was tested and found
adequate. The steps outlined are general ard may be applied at any velocity.

Assume that a three-sheet configuration is-desired.--The design-particle diameter
is D = 0.25 inch; the design velocity is 20, 000 feet per second. The shield thick-
nes: and spacing are 0,040 inch and 2.3 inches, respectively, and the second

sheet is 0.020-inch thick. It is requircd to find t3 such that the three-element
barrier will stop the design particle. ZThe arrows indicate that the chartis
entered for the following values of the nondimensional ratios: V/C = 1.2,

t1/D = 0.16, and S;/D = 10.

The diagram indicates that for t,/D = 0. 03, the number of sheets penetrated

(rot including the shield) is 3. 4. This exceeds the desired number, since at -
this point the c nfiguration consists of a shield (0.040-inch thick), a second
sheet (0.020-inch thick), plus 2.4 more sheets, each of which is 0.020-inch
thick. The final 2.4 sheets must now be transformed into a single sheet of
equivalent penetration resistance. Hence, for the second ¢ycle. the chart is
entered at N = 2.4 and iy,/D - 0.08. By noting that horizontal lines represent
lines of equal protection capability, it is scen that moving horizontally from the -
intersection of N = 2.4 and t,/D = 0. 08 to the N = 1 line yields t/D = 0. 36.
Therefosc. t,/D = 0.36 and t, = 0.090 inch.

In the preceding exampie it was assumed t., S,, and t, had been fixed by other
operationnl considerations. L no constraints had been placed on these variables,
a lighter structrure could have been designed. The minimum-weight two- and
three-sh~ct comhinations for o given spacing and veiocity catronnlation are =
sitown in Figures 47 and 48,
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MODU LE DESIGN

The steps required to design meteoroid shielding for a cryogenic propulsion
module are demonstrated through several examples applied to specific mission
requirements,.

The particle is selected using the Figure 15 nomogramn as previously described.
From a meteoroid protection standpoint, the primary structure, Figure 49,
consists of two aluminum sheets. The inner and outer sheet thicknesses are
0.040 and 0. 020 inch, respectively, and the separation is 3.4 inches. This will
be sufficient protectior. for small particles, but an outer shield is required for
larger particles. To determine the actual thicknesses required, the nomogram
of Figure 46 is used. An extrapolation of the velocity effect must he selected
prior to using the nomogram. The most conservative (lower curve) becomes
proportional to the cube root of the projectile kinetic energy and is used in this
design example.

Assuming a particle velocity of 100,000 feet per second and a desired two-sheet
configuration, eater Figure 46 at a number of t1/D values for severzt spacings.
Read off the required t5/D(N = 1) for each pair of 11/D and S1/D values. A plot
of t;/D vs ty/D - t2/D is shown in Figure 47. Draw a line through the minimum
tl/D to/D values for each S;/D. This line represents the lightest total barrier
weight for the selected spacings. If a three-sheet barrier is be‘mg designed,

the same procedure is followed (for ty = t3), except that N = 2 on the chart. A
plot of t1/D vs t1/D +~ ty/D =« tg/D is shown in Figure 4S.

To continue with the example, assume a two-sheet barrier and 2 probability of

no penetration of 0.9299, For the cryogemc module shown in Figure 19, the

exposure, AT, is 1.36 by 109 feet®- surs. For a particle density nf v.5 gram

per cubic centimeter, this leads to « particle diameter of 0.27 inch (see Figure

45). It is assuined that structural requivements dictate a 2. 0-inch spacing and

a minimum ty and t, of 0.020 and 0. 040 inch, respectively. Dividing hy D

gives S;/D =17.4, (tl/D)min - 0.074, (to/D)pin = 0. 148, The minimum curve

from Figure 47 (dashed line) indicates that for S;,D = 7.4, t1/D is approximately

0:188 and t3/D = 45/ D15 0,900, The bhest tafDrvalueds-thus-0-712 c-Multiplying= st o

by D gives t; - 0.051 inch and ty = 0.192 inch.

A three-sheet design is accomplished in a similar manner. Fox oxa 1p1e meg
the same 0. 27 -inch diaineter particle and assuming an allowable spacing of 3
inches results in S]_/D = 18,5, Trom Figure 1% the hest tl,/D value is 0,10 inch
and the bhest t]/D - t‘,/D t3/D i3 0.37 inch. These result in ty = 0.027 inch and

ty =ty = 0.037 inch. If ty, and ty must be at least 9. 020 and ¢, 040 inch, respec-
tlvely du0 to structural requirernents, the design noniogram should now be used

to find v. at ty would be requirad for a ty = 0.020 inch and a t; = 0.040 inch. The
0.040-inch sheet must first be converted to an equivalent number of 0, 020-inch
sheets so that all sheets after ty will be of uniform thickness, Enter the nomogram
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at N = 1 and to/D = 0.148. Move horizontally (constant "protection capability')
to to/D = 0.071. N is seen to equal 1.5, The 0.030-inch sheet is then equal to
oneand a half 0. 020-inch sheats. Now enter the chartat N - 2.5 (the equivalent number
of 0.020-inch shects behind t)) und tp/D = 0,074, Move horizontally to S3/D =
13.5. Drop down to the V/C = 6 and the lower velocity extrapelation line. Move
diagonally to the t1/D line. The t;/D value required is 0.20 so fhat ty . =
0.054 inch. The constraints on t, and ty result in a 14 -percent w«:igh{npcnulty
~ompared to the minimum weight barrier as obtuined from Figure 48.

1, The use of the nomoeram to design the t.ove two- and three-sheet barriers is
\ illustrated on the large chait enclosed in the back cover pocket. The effect on
‘ barrier design of changing the acceptable risk (probability of no penetration) is
tabulated in Figure 49 for both two- and three-sheei barriers.

& A general discussion of the effects of using insulative materials within the meteor-
' oid barrier has been given previously. A design procedure has been verified for

ol G glass-wool insulation and aluminum sheeis. The procedure is the same as

used for no insulation except that penecration is modified by a factor K. That is,

penetration with filler, Ng, and peneiration without filler, N, are related hy:

Ny = K N (18)

The factor K is calculated from the following equation:

™ K=1-0.9S/D [1 + 113 /0 1)Z]f(V/C) (19)

p where f(V/C) is given in Figure 32.
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CONCLUSIONS ANDD RECOMMENDATIONS

A unique solution for a meteoroid barrier design does not exist. Many related
solutions may be obtained, depending on the order of preference in selection of
harrier element material and geometry. In general, it is not profitable to design
complex metcoroid barriers hy ratioing results applicable to single-sheet or
semi-infinite targets. Under this program, an analytical method has bzen dcvel-
oped that permits the rational design of meteoroid harriers by the sequential
selection of harrier elemnents. Design ay he based on a minimum-weight
criterion or with full consideration of other vehicle operational constraints, such
as volume and size requirements, depth limits, minimum gages, structural
loadings, or temperature control.

The use of low-density shield materials resuits in the lightest metecroid barriers
where the design criterion is based on complete resistance to penetration. Where
some small punctures may be permitted, high-density shield materials may offer
some weight advantages.

Since shield fragments are a major contributor to inner-element damage, the
outer shield thickness must be chosen to minimize total damage. Total barrier
depth for aluminum elements (especially the spacing hetween the first two ele-
ments) is the single parameter having the greatest effect on weight. It can be
shown, however, that 2 maximum depth exists beyond which any further increase
is no« useful.

Penetration damage is strongly affected by projectile material and density. The
factor of most importance in correlating damage from various projectiles is the
transverse diameter of the impacting particle.

The hazards of velocity extrapolation for impact into semi-infinite plates have
been thoroughly explored. Simple extrapolation hbased on particle rnomentuin
or energy does not appear to fit penetration through multisheet or composite
barriers, at least over the velocity range tested. Despite this, an extrapolation
proportional to the cube root of projectile kinetic energy has been provided in
the design nomougram (Figure 43).

Significant advances have been made in the present program towar:d solving
meteoroid-shielding-design problems. Somec additional testing and analysis
are required, however, to obtain solutions to all of the problems in the arcas
studied. Recommendations for additional studies are discussed in the following
paragraphs.

During the present program, projectiles of sluminum, aluminum oxide, Pyrex,
Lexan, magnesiwn-lithium, foamed aluminum, and foamed nickel were tested.
The primary projectile was aluminum; relatively few of the other projectiles
were tested. To predict the effect of projectile density and material, a test
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program should be conductec in which projectiles of different materials are tested.
Projectiles of the same material but varying density should also be included.
The projectiles should be {ired at several velocities into similar targets.

The effect of impact by low-density projectiles should be investigated. Compari-
son of the data on impact by plastic and aluminum projectiles has indicated that,
at high velocities, damage trends may be more severe when testing with low-
density projectiles.

The results of the present program have been based on tests in which the velocity
was varied from 5000 to 27, 000 fps; the major portion of the data was obtained

at velocities from 18, 000 to 25,000 fps. Some of these tests should be repeated
at higher velocitizs to have a broader bhase upon which to extrapolate velocity
effects into the reteoroid range. Test velocities in excess of 30, 200 fps would
bz useful.

A series of tests was performed in which specimens, loaded uniaxially and
hiaxially, were impacted at cryogenic temperature. The aluminum specimens
(2219-1'62 and 2014~T6) were impacted by aluminum projectiles and/or the
fragments from aluminum shields (2014-T6 and 7075-T6). Other specimen
materials and/or other shield materials might give different results. A significant
number of additional tests should be made to investigate other cryogenic tankage ..
materials over the anticipated range of operatlonal-g.empera;m:esL T DT

The confinement offered by panel constraint needs to be investigated for a range
of structural supporting systems. This includes skin and stringer, corrugated
stiffener, and honeycomb structural arrangements.
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(b) INSTRUMENTATION SECTION AND TEST CHAMBER

Figure1: BOEING LIGHT-GAS GUN — 1/4-INCH BORE
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Figure 4: COLD BOX

LOAD ING FIXTURE AND COLD BOX

Figure 5
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Figure 23: UNSHIELDED BIAXIAL-STRESS SPECIMEN

=3/16-INCH-DIAMETER ALUMINUM PROJECTILE AT
23,600 FPS;TEST TEMPERATURE:~-300°F




Figure39: SHIELDED BIAXIAL-STRESS SPECIMEN - NO FAILURE
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Table A-1: KANGE PRESSURE EVALUATION —1,16-1.1CH LIGHT-GAS GUN

Multiple-Sheet Tests; Aluminum Cylindrical Projectil: s: 0.065 In. Dia by
0.065 In. Lop3i MEss = 9.7 x 1073 Gram; All Sheets 0.005-In. -Thick Aluminum

Shield

Shield  Range Damage  Diameter of Witness

Test Velocity Spacing Pressure Diameter Perforations Sheets
Number (fps) (in.) _ (torr) (in.) (in.) Penetrated

1 17,5600 0.6 40 0.076 0.65 4
2 16,600 0.6 0.095 0.070 0.80 4
3 17,500 0.1 40 0.070 0.20 6
4 18,200 0.1 0.21 0.078 0.25 5
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Table A-3: FILLER MATERIAL IS

Filler
Test Density 4) Velocity  Penetratig
Number Filler (Ib/ft=) Projectile _ (tps) (in.
12 Polystyrene 3.06 (9) 1/32 MgLi 16,100 0.4
13 Pclysiyrene 1.25 (B) 1/32 MgLi 17,700 0.75
14 Polystyrene 4.85 (5) 1/32 MgLi 17, 800 0.35
15 Polystyrene 1.1 (5) 1/32 MgLi 14,600 1.4
16 Polystyrene 3.06 (@ 1/32 Al 15,100 2.0
17 Polystyrene 4,85 (5) 1/32 Al 14,300 0.32
18 Polystyrene 3.06 (5) 1/32 MgLi 18,400 0.5
19 Polystyrene . L.:4(5)  1/32 AL 14,700 2.0+
20 Polystyrene  1.25 (5)  1/32 Al 15, 800 2,0+
21 Polystyrene 4.85 (5) 1/32 MigLi 15,700
22 Polystyrene 1.14 (5) 1/32 MgLi 11,100 1.25
23 Polystvrene 1.25 (5) 1/32 MgLi 17,400 1.06
24 Dexiglass 169 (1) 1/32 Al 17, 800 0.125
25 Dexiglass 169 1) 1/32 Al 18, 800 0.25+1
26 Dexiglass 16¢ (1) 1,/32 Al 17, 800 0.50+
27 Dexiglass 169 (1) 1/32 Al 17.£00 ANTREY
28 Dexiglass 169 (1) 1/32 MgLi 20,200 0.25
29 Glass Wool 3 (2) 1,/32 Al 16, K00 1.25
30 Glass Wool 3 (2) 132 "4 I~, 000 .25
31 rexiglass 169 (1) 122 Al L, 4100 1.25

"y Aluminum. foil density: 16qe0 e’y Desislass cetrattes 6 =78 Hapb '

(2)  Nominal density 20 Ih 00 Nominni thietness: inchos
iy LEstimated,
(v  Cvlindrical projectiles 1D Lo Alominam 102 o 107 pean Mol o

() Cloged coll,

T B e A A



VALUATION —1/32-INCH LIGHT-GAS GUN

Wt/Unit Area

n (lb/ft2) Thickness
(to stop projectile) (in.) Remarks
102 x 1073 2
78 x 1073 2
141 x 1079 2
133 x 1073 2
510 x 1073 2 Just penetrated filler, no witness-sheet damage
129 x 1073 2
128 x 10_'3 0.50 No witness-sheet damage
190 x 1079 2
2 Penetrated, no breakup, crater ia witness-
sheet
0.25 T rojectile broke up in flight
1.25 Penetrated, no breakup, crater in witness-
sheet
110 x 1073 - 1.06 Penetrated, no witness-sheet damage
'~ 0.125+ 12 glass, 13 Al foil, full penetration; witness-
sheet crater 0.65 inch
0.20+ 2 glass, 30 Al . -il, full penetration; witness-
shec¢t crater
0.50+ 4~ glass, SC Al foil, (ull penetration; witness-
sheet crater
0.63+  §u glass, 61 Al loil, full penetrat:on; witness-
sheet shallow erater
SRIURNGS K1 0.a0 4~ plass, 49 At teil, 22 sheets of aleminum
foil penetrated
210 . 1000 3 Noowitness-sheet domage
SARTIRNS VI LR Vhnute pritimg ol wataess sheet
IR T 5 D6 plass. 07 A b, tull ponetrotion: 0. 0530-
tneh cro e e vt shie et
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7. Table A-S MATERIAL EVALUATION — MULTI

Shield 77 Shield Projectile Projectile Projectile

Nu[‘::)to r Material Thickness Material Diameter Velocity
(in.) (in.) (tps)
36 N R Al 1/8 24,400
37 2024-13 0. 040 Al 1/8 24,500
3% SS-301 0.063 Al 1/4 20,000
3¢ MgLi 0. 040 Al 1/8 24,900
40 2024-T3 0.020 Al 1/8 21,500
41 6Al-4V Ti 0.016 Al 1/8 24,700
42 6Al-4V Ti 0.040 Al 1/b 24,500
43 6Al-4V Ti 0.040 Al 1/8 . U24,900
44 MgLi 0. 040 Al 1/8 19,100
45 2024-T3 0.020 Al 1/8 16, 500
48 2024-T3 0.020 Al 1/4 19, 700
47 Tantalum 0.020 Al 1/8 25,400
48 Tantalum 0.020 Al 1/8 24, 300
19 Tantalum 0.020 Al /8 19, 800
50 Molybdenum (TZM) 0.012 Al 1/8 24,500
a1 Molybhdenum (TZM) 0.012 Al 1/8 24,100
52 Molybdenum (TZM) 0.012 Al 1/8 19, 800
o3 GAl-4V Ti 0.020 Al 1/ 24,400
o4 6A1-4V Ti 0.056 Al 1/8 24, 700
0,020 Al ) L/ 4 18,900
SRR Al 1/8 24,900
(1) Sobherical projectiles (except as noted).
1/8-in. Al projectile mass = 0,05 gram.
1/4-in, Al projectile mass = 0,37 gram.
1/16~in, pyrex sphere mass - 5 X 1073 wram.
1/8-in. foamed nickel cylinder mass 0,056 gram,




jPLEmSHIELD TESTS, 1/4-INCH LIGHT-GAS GUN

i
]

Witness Shielid Witness Shield Diameter Witness
Sheet Spheing Shect Damage of Sheets
Thickness Spacing Diameter Perforations Penetrated
(in.) (in ) (in.) (in.) (in.)
¥ 0.020 2.5 1.0 0.225 1.5-2,0 1.7
j 0. 020 2,5 1.0 0. 31 2020 1.1
3 0.020 2.5 1.0 0. 503 5.4 4,2
g 0.020 2.5 1.0 0.30 1.4 1.9
g 0. 020 2.5 1. 0.21 1.8 1.6
0.020 2.5 1.0 0.20 Tz 2.0
| 0.020 2.5 1.0 0.20 Petals 4+
0.020 2.5 1.0 0.27 3.0 1.8
0.020 2.5 1.0 0.28 1.2 1.9
0.020 2.5 1.0 ¢.315 1.1 6.0
).020 2.5 1.0 0. 34 1.4 4.0
0.020 2.5 1.0 0. 265 3.5 3.0
0.020 2.5 1.0 0.28 4.0 2.4
0.020 2.5 1.0 0.25 3.0 3.0
| 0.020 2.5 1.0 0.215 3.0 2.1
=i 0.020 2.5 1.0 0.225 4.0 2.4
y 0. 020 2.5 1.0 0.20 4.9 2.6
| % 0.020 2.3 1.0 0.22 3.0 1.5
? E 0.020 2.5 1.0 0.30 2.5 2.2
| 1,020 5.0 1.0 V.32 2.0 5.0 1
0.020 5.0 .0 0.21 3.8 1.1
|




Table-A-&

Tesl weohield .. Shield Projectile Projectile Projectile
Number Material Thickness Material Diameter Veloeity
(in.) (in.) (fps)
57 BeCu 0.005 1/8 24,000
58 Soft Copper . ... .-0.0L2.. . - RE 7 R 24,70
59 2024-T3 0. 020 1/4 20, 500
60 Soft Copper 0.025 1/8 25,000
61 1095 Steel 0.027 1/8 19, 500
62 1095 Steel 0.027 1/8 20, 400
63 1095 Steel 0. 020 1/8 22, 800
64 1095 Steel 0.020 1/8 24,000
65 $S-321 0.02¢ 1/8 22, 500
66 6Al1-4V Ti 0.040 1/8 24,000
67 6Al1-4V Ti 0. 040 1/8 23, 500
68 6A1-4V Ti 0.040 1/8 24,200
69 $S-321 0. 020 1/8 21,900
70 $S-321 0.020 1/8 24, 700
71 SS-321 0.032 1/8 22,000
72 SS-321 0.032 1/8 23,300
73 Tungsten 0.031 1/8 24,600
74 SS-301 0. 040 1/8 19,900
75 $8-301 0. 040 1/8 24, 800
76 $s-321 0.040 1/8 24,600
77 Niobium 0.019 1/8 24,700
78 Molyhdenum (TZM) 0.050 1/8 24, 80"
79 Molybdenum (TZM) 0.050 Al 1/8 24,400
80 Molybdenum (TZM) 0.012 Al 1/8 24,200
81 2024-T3 0.020 Al 1/8 24, 900
82 2024-T3 0.020 Al 1/8 25,600
83 2024-"1'3 0.020 Al 1/8 25, 700




(Cont.)

Witness Shield Witness Shield Diameter Witness

Sheet Spacing Sheet Damuage of Sheeats

Thickness Spacing Diameter Perforalions Penetrated
(in.) (in.) (in.) (in.) {in.)
0, 020 2.5 2.1..0 0.17 2,5 1.4
0. 020 2.5 1.0 0.25 4.4 I8 -
0.020 2.5 1.0 0.314 1.6 44
0.020 2.5 1.0 0. 30 4,4 1.4
0.020 2.5 1.0 0.27 4,5 2.3
0. 020 2.5 1.0 0.27 4.0 2.1
0.020 2.5 L0 0.26 5.0 2.5
0. 020 E AL 1.0 0. 265 5.0 2.3
0.020 2.5 . 1.0 0.249 4.6 2,1
0. 020 2.5 1.0 0.325 4,5 3.0
0.020 «.5 1.0 0,345 4.5 2.1
0020 2.5 1.0 0.34 4.5 2.0
0. 020 2.5 1.0 0.25 4.2 2+
0.020 2.5 1.0 0.265 7.0 2.0
0. 020 2.5 1.0 0.30 4,5 3.0
G.02 2.5 1.0 0.30 5.0 2.6
0. 020 2.5 1.0 - 0.248 o 3.6 4.2
0.020 2.5 1.0 Cgaz-0.37 0 400 BT
0. 020 2.5 1.0 TLplage G 5+
0.020 2.5 1.0 0.37 5.0 3.0
0.020 2.5 1.0 0,228 4,4 1.5
0.020 2.5 1.0 ¢. 32 4.0 3.7
0.020 2.5 1.0 0. 34 4.0 3.6
0.020 5.0 1.0 0.211 4,5 3.0
0.020 5.0 1.0 0.235 2.7 2.0
0. 020 5.0 1.0 0.235 2.5 2.0
0.020 2.5 1.0 0.23 2.8 2.0

g1




Test
Number

99
100
101
102
103

104
105
106
107
103
109
110

Shield
Material

Tantalum
SS-301
SS-301
BeCu
Lead
Lead
Lead
2024-T13
2024-T3
SS-301
Lead
2024-T3
2024-T3

Molyhbdenum (TZM)

2024-T3

MgLi
Magnesium
6Al-4V Ti
BeCu
Tungsten
Tungsten
Tantalum
Tantalum
BeCu
Magnesium

2024-T3

2024~T3

Shield

Thickicss

(in.)

0. 020
0. 063
0.050
g. 005
0.020
0.032
0.048
0.020
0.020
0.063
0.025
6.010
0.010
0.012
0.020

0.063

0. 063

0.063
0.063
0.020
0. 0G%
v.030
0.010
0.020
0.01¢
0. 020
0.020

Projectile
Material

Foamed
Nickel

Al
Al

Projectile
Diameter

(in.)

1/4
1/8
1/8
1/4
1/8
1/8
1/8
/8
1/8
1/4
1/4
1/16
1/16
1/4
0.124x0.121

1/8
1/8
1/8
i/8
1/8
1/8
1/8
1/8
1/8
1/8
1/8

1/8

Table A- K

Projectile |§
Veloeity

(tps)
20, 000
25,000
25,200
21,200
24, 800
25,000
25,400

4,600
10, 200
20,100
19,600
21,000
21, 000
20,200
21, 700

25, 300
24, 500
24, 300
24, 40)
24, 400
25,000
25,100
24, 800
13, 600
24, 600
25, 300
25, 500
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Shield Diametey
Damage ol
Diameter Perforations

(in,) (in.)

0,44 6.0

0,37 3.9

0.312 "1

0.273 1.2

0.35 -

0. 437 1.9

0.52 -

0.132 0.15

0.173 0.19

0. 522 5.2-6.3

0,325 4,7

0. 0928 C.o

0.103 0. 43

0.3357 4,8

0.189x0,198 0.8

0.365 2.1

0. 40 1.9

0.3s4 4.0

0.370 4.0

0.232 3.9

Q.179 4.6

0. 288 4,0

a, 216 4,5

0.251 4.3

0.211 1.2

0.213 1.1

0.212 0.1
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‘ Test sShield Shicld Projectile Projeetile
'{ Number Material Thickness Aaterind Diameter
i
% (in.) (i)
| { 111 S$S-301 0. 020 Al Los
g 112 $5-301 0. 020 Al L/
| 1 0 55-301 0.020 Al L/s
}l 114 Tungsten 0.020 Al 1/4
! 115 2024-T3 0.020 i'named Al 1/4
j 116 2024-13 0.020 Foared AL 1/4
. 117 2024-T3 0. 020 Al 1/16
- } . 118 2024-T3 0.020 Al 1/16
i




Fable A=-H (Coal,)

Projectile Witness

Shicld

Valoeity sheet Dpacing
Thickness

(tps) {in.) (1)
2 0.020 7.0
24,600 0.020 3.4
24, 70 0. 020 7.0
20, 400 0.020 2.9
13,000 0.020 2.0
13, 800 G.620 2.0
16, 564 0.010 1.25
20,200 0.010 1.25

Witness shiceld
sheet Damage
Spacing, Diamoeter

(in.) (in.)
.0 0,05
L. 0,221
L.0 . 225
L.0 0.403
1.0 0,312
1.0 0.285
0.5 0.125x0.132

.141x0. 142

Diamcter

(;‘:

(B
.

L6

.9

Devloralions

Wilness
sSheots
Poenctivatod

ro

.9

.Y
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Test
Number

142

(1) Ali witness sheets penetrated,
2) Steel projectile: Dia - 0,065 in.; Mass = 25 x 10~
(3) Lexan cylindrical projectile: L/D = 5/t. Dia 0.0

Table A-6, MATERIAL EVALL..

Aluminum Projeciiles: Cylinders: 1./

Shicld Shield Proiectile

Material Thickness Velozity

o (in.) (ips)
Al 0.005 17,510
Al 0.005 16,600
Al 0.005 17,500
Al 0.005 18,200
Magnesium 0.020 17,000
Magnesium 0.925 17,200
Magnesium 0.040 15,700
Tungsten 0.002 18,100
Tungsten 0. 006 17,500
Tungsten 0.010 18, 700
2024-T3 0.010 18,700
2024-T3 0.020 18,600
2024-T3 0.025 17,290
2024-T3 0.032 18,400
zinc 0.016 16,600
Zinc 0.020 17,000
Mgli 0.010 16,700
MgLi 0. 040 18,900
MgLi 0.030 18,900
Tantaium 0.002 17,4090
Tantalum 0. 005 20, 000
Tantalum C. 015 17, 200
Lead 0. 006 17,900
Lead 0.010 16, 700

’
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ATION — MULTIPLE-SHIELD TESTS, 1/16-INCH LIGHT-GAS GUN

\\‘) Z: Dia = 0.065 in.; Mass = 9.7 x 1079 Gram; All ‘Vitness Sheets Aluminum

Shield Diameter Witness
Damage of Shests
Diameter Perforations Penetrated
(in.) {in.)
0.076 0.40 4.0
3.07 0.40 4.0
0.07 0.20 3.0
g, 10 0.25 5.0
C 8,12 0.85 4.1
0.128 1.05 4.5
0.152 1.0 3.5
0.067 1.45 4= (1)
0.089 1.25 10+ (1)
0.102 1.15 11+ (1)
0.107 1.2 4.0
0.144 1.2 3.8
0.152 1.2 4.0
0.170 0.95 3.5
C.153 1.1 3.5
0.163 1.0 3.5
0.106 0. 80 4,0
0.16 0.85- 0.95 3.9 ‘
0.185 1.10 3.0
0,077 1.4 7.0 ‘
0,100 1.3 7.0
0.122 1.22 15
0,121 1.15 3.8
0, 120 0.98 3.2 *
37 l
|

2



Test shield Shicld Projectile
Number Material Thickness Velocity
(in. ) (fps)

= 143 Lead 0,017 18,100
144 BeCu 9. 006 17, 500
145 BeCu ¢. 010 18, 400
146 BeCu 0.015 18, £00
) 147 SS-301 0. 006 17,300
148 55301 0. 010 1¢, 500
149 SS-301 0.016 17, 590
| 150 BeCu 0.002 18,100
g ERE 151 2024-T3 0.010 17,000
152 2024-T3 0.010 18,600
153 2024-T3 0.010 16, 366
154 2024-T3 0.032 15,100
: 155 2024~ T3 0.032 19, 400
- 156 2024-T3 0.032 17,00
gé 157 2024-T3 0.032 18,200
E 158 $S-301 0.010 17,900
159 $5-301 0.010 14, 860
160 SS-301 0.010 17,700
161 $8-301 0.032 18, 300
162 SS-301 0.032 18,000
163 $S-301 0,032 . 18,700
164 2024-T3 0.0i0 16,600
< 165 2024-T3 6. 010 17,300
- 166 2024- T3 0.032 17,200
167 2024-13 0. 032 17,600
} 168 S8-301 ¢.010 19, 700
) 16Y §8-301 0. 010 18, 400
:_ 170 88501 0. (32 17,700
- - 171 $8-101 0. 032 18, 400




LY

- Table A-G (Cont)
| /) Shield Witness- Witness- Shicld Diameter Witness
Spacing Sheet Sheet Dumage 0% sheets
J Thickness sSpacing Diameter Percforations Penetrated
”” (in.) (in.) (in.) (in.) (in.)
1 06 0.005 0.3 0. 203 1. 15 3.0
: 0.6 0.005 0.3 0.093 i.d 3.1
} 0.6 0.005 0.3 0.107 1.4 5.1
; 0.6 0. 005 0.3 0.124 1.45 5.0
3 0.6 0.005 0.3 0.081 1. 45 4.6
' 0.6 0. 003 0.3 0.097 1,45 8.6
0.6 0.005 0.3 0.120 1.63 8.5
0.6 0.005 0.3 0.068 0.7 4.0
0.3 0.010 0.3 0.072 0.34 - 0,42 3.4
¥ 1.0 0.005 0.3 0.103 1.45 3, 2
iﬁ i.5 0.005 0.3 0. 088 2.1- 2.t 4.2
=§ 0.3 0.005 0.3 0.126 0,63 4.7
% 1.0 0.005 0.3 0.163 1.6 - 1.9 2.3
3? 1.0 0.005 0.4 0.142 0.94 3.9
L5 0.055 0.3 0.146 3.2 2.2
;ﬁ V.3 0.005 0.3 0.112 0.65 - 0.85 5.0
=§é 1.0 0.005 0.3 0.098 1.62 - 1,73 5.0
g 1.5 0.005 0.3 0.098 2.90 7.7 =
}f 0.3 0.005 0.3 0.130 1.0 b8
10 0. 005 0.3 0.133 1.6 - 1.9 9. 8
] 1.5 0.005 0.3 0.130 3.2 - 4.6 10.7
5 0.6 0. 005 0.5 (.085 0. 96 3T
0.6 0.003 0.7 0. 093 0,86 - 1.08 4.0
0.6 0.005 0.5 0. 153 1.0 3, 1
_ 0.6 0.005 0.7 0,142 1.15 3.3
0.6 0.005 0.5 0,108 1.2-1.25 6.0
0.6 0.00% 0.7 0,101 1.3 - 1,43 3.0
0.6 0. 005 0.5 0,128 1.6 G (1)
.6 0.005 0.7 0. 128 1.6 - 1,75 94 (1)
89




lest shicld Shicld Projectile

Nuinhoer Miide rinl Thickness Velocity
(in.) (Ips)
172 2024-13 0. 010 149, 400
173 202113 0,010 14, 200
174 2021-13 0,010 19, 500
175 Ss-301 0.010 19, 500
176 S8-301 0.032 19,G6H0
177 2024-T3 0.010 19,600
178 S55-301 0.032 18,700
179 BeCu 0. 0463 18, 800
130 Tungsten 0.032 19,600
181 Tungsten 0.002 19,800
132 Tungsten 0. 0ve 12,900
183 “Tungsten 0.010 18,200
154 2024-T3 0.050 19.100
185 SS-301 0.902 19,100
186 MgLi 0. 050 17,400
187 Tantalum 0,032 20,200
18% SS-301 0. 016 19,200
139 2024-T3 G.0eu 18,000
190 2024-T3 2,005 8,500 (<4)
191 2024-T3 I l”;QﬁQQEfﬁ” Y806
192 0243 T 0. 063 18, 400
193 Tungsten G5.020 . 205000
194 BeCu hoosz T 15,600
195 2024-T3 0. 005 19,000
196 2024-T3 0. 040 17,000
107 Tungsten 4. 030 20, 400
195 Mgl.i J. 010 0,900 (3)
199 MglLi 0.010 22,100 (3)
200 ML 0.010 27,400 (3)

i/




Tuable A-6  (Cont)
Shicla Witness- Withess- Shicld Diameter
spacing Shpui Sheet Damage of
Thickness Spiicing Diameler Perlorations
(in.) (in.) (i) (in.) (in.)
0.6 0. 008 0.3 0.107 0. 85
0.6 0.010 0.3 0. 09 0.7
0.6 0.010 0.3 6.153 0.8
0.6 0.010 0.3 0. 096 1.1
.ﬁ 0.6 0.010 0.3 0.132 0.96
:Q 1,25 0.010 0.5 0. 092 0.65 ~ 0. 80
1 0.6 0.005 0.3 C. 532 1.43 - 1.5
ﬂ 0.6 0.005 0.3 6. 143 1.2-1.35
4 0.6 0. 005 0.3 0. 102 0.8-0.9
; 0.6 0.005 0.3 0. 068 1.35- 1.6
L 0.6 0.005 0.3 0.078 0.87 - 1.12
f 0.6 0.005 0.3 0.097 1.09
1L 0.010 0.5 0. 169 1.3 - 1.35
E 0.6 0. 005 0.3 0. 063 1.17
. 0.6 0.005 0.3 0.168 0.9 - 1.15
2 0.6 0.005 0.3 0.147 1.15 - 1,43
§ 1.25 0.010 0.5 0.108 1.8 - 2.48
f; 1.25 0.010 0.5 0.115 1.3 - 1.5
= 0.3 0.005 0.3 0. 067 0. 34
0. 60 0.005 n.3 0. 055 0.45 - 0. 80
0,60 0. 005 0.3 0.165 1.13 - 1.35
 0.80 0. 005 0.3 0.110 0.98
1 0.60 0,005 0.3 0.153 1.1-1.43
0. 60 0. 005 0.3 0. 068 0.5-0.75
L0.60 0. 005 0.3 0.142 1.0- 1.4
L 6.60 0. 005 6.4 b, 12 687
| 0.60 0. 005 0.3 0. 087 0.35
40,60 0. 005 0.3 0.104 0. 50
| 0. 60 0,005 0.3 0. 136 0. 40
-
?_
o R T SYo e ey —

Witncss
Shects
PPenetroted

N o

0

Pt

<4
3

[y

3.
7.8
7.1
19.0
20+ (1)
2.0
4.8

2.0
43+ (1)
6.0
3.8
17.3
10.4
4.4
3.6
14.3

4,3

(3)
.5 (3)

<9 (3

5
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Table A-T: POEITE CONFIGURATION TESTS == 1/32= ANT]
- L e e e T L)r()jectiles
- Projectile Range Shield No. 1 (Al) - Fillep: - :
Test  Material  Size Weigh Vv -Bressire-Phiek, - Damage’ Materinl - Thick. Density
Number  (in.) (gram {torr) dny (in.)  (h/ih
201 Mgii 1/32 tax10™1 17,800 5 0.003 0.042 Flexible 0.19 1,78
Polyure -
thane
202 Mgkt ~ 1/32 4.1x107% 16,4000 3 0.003 0.053 Flexible 0.
- PR AR AR IR 1')O!yu1'(;\.-
thane
L .1/32.4.12107% 18,160 5 0.003 0.040 Rigid 0.19 1.50
- RIS Styr a -
- foam
204 MgLi 1/32 4.1x107%-17;000 5 0.003 0.046 -Rigid ~  0.19- 1.80
Styra-
foam
205 At~ 1/16 9.7x10™ 12,400 40 0.005 0.10 Air 0.60
206 Al 1/16 9.7x1075 17,700 40 0.005 0.10 Air 0. 60
207 Al 1/16 9.7x10™ 17,200  0.20 0.005 0.10 Air 0. 60
_f - 208 Al 1/18 9.7x1073 17,600 40 0.005 0.070 Polyur- 0.60 2
7 R SR T T e e ethane
= Soumons foam
209 Al 1/16 9.(x107™ 19,000 0.23 0.005 ©.072 Polyur- 0.60 2
ethane
foam
210 Al 1/16 9.7x°07 17,300 40 0.005 0.075 Air 0. 10
211 Al 1/16 9.7x107° 18,600 1 0.005 0.076 Air 0.10
212 Al 1/16 9.7x10 © 16,000 0.1 0.005 0.070 Air 0. 10




i

1/16-INCH LIGHT-GAS GUNS (Al.L SHIELDS ALUMINUM)
Cylinders L/D - 1

Shield No. 2 Pillep = e SkiD

Materizt Thick. Damage Material Thick. Density Material Thick.
g im0 g /A i)

Al 0.005
Al 0.010
Al 0.010
Al 0.005
Al 0,005 0.4x0.5 Polyur- 0.80 2 Al 0.010
ethane
foam
Al 0.005 0.35x0.4 Polyur- 0.80 2 Al 0.010
ethane
foam
Al 0.005 0.25 Polyur- 0.80 2 Al 0.010
ethane
foam
Al 0.005 Blown Air 0.80 Al 0.010
in
two
Al 0,005 1.5 Air 0. 80 Al 0,010
£l 0.005 0.20 Polyure - 0. 30 2 Al 0.010
thane
foam
Al ¢,005 0.20x0.25 Polyure- ¢, g0 ) Al 0.010
thane
foam
Al 0.005 0.25 Polyure- 0,80 2 Al 0.910
thane
foam
T TN T s R S | AT S e TN B

Bamape

B 11 R

0,13 x 0,16

0.026 x 0,072

0.10x 0,16

0.12 x 0,29

Buckled

Blown out of jig

Blown out of jig

Dented

Dented

0,7 % 0.8

1.0

0.6
93
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Table A-3: COMPOSEFE CONFIGURAT

Proj-etite (10) ___Shield No, 1~ Filler

Test  Material  Size Weight Veloeity Material Thick., Damage Maierial Thick., Density)
Number 0 (i0.)  ggram) o (fps) (in. ) (in.) (in.)  gb/1cty

213 Al 1/4 0.3% 19,200 2024-T3 0,020  0.33 (H 12 .21 '

.!H “ Al 1/1 0,38 19,800 2024-T3 0,020 0.325 (1 5.0 710

215 Al 1/4 0. 3% 19,300 202.1-T3 0 0.020 0,320 (1) 2.3 7.16

216 Al 1/4 0.3% 19,700 2024-T2 0,020  0.320 (1) 1.5 7.13

2T Al 1/4 0.38 20,400 Z024-T2 0,020 0.325 Air 2.9

218 Al 1/4 0.38 19,900 2024-T3 0,040 0,410 Air 2.5

219 Al 1/4 0.38 18,700 2024-T3 0.040 0. 42 (1) 2.5 6.3

224 Al 1/4 0.33 19,600 2024-T3 0.040 0.405 (1} 2.5 5.3

221 Al 1/8 0.05 18,200 2024-T3 0.010 Sabot Air 2.0

222 Al 1/8 0.05 20,300 2024-T3 0.010 0.16 Air 2.5

223 Al 1/8 0,05 23,500 2024-T3 0.010 0.16 Air 2.5

224 Al 1/8 0.05 22,700 2024-T3 0,610 Sahot Air 2.5

225 Al 1/8 0.05 23,500 2024-T3 0.010 90.15 Air 2.5

220 Al 1/8 0.05 24,700 2024-T3 0.010 0.30 Air 2.5

227 Al 1/8 0.05 24,900 2024-T3 0.010 2.23 Air 2.5

228 Al 1,8 9.05 25,400 2924-T3 0.010 0.16 Air 2.5

22% Al 1/% c.0&5 21, GO0 2024-T3  0.020 0.19¢ Alr 2.5

2340 Al 1/8 0.05 25,000 2024-T3 0,020 0.24 Air 2.5

231 Al 1/8 0.05 16,900 2J924-T3 0,040 Sabot Air 2.5

232 Al 1/8 0.05 22,100 2024-T3 0,040 ¢.290 Air 2.5

223 Al 1/8 0.05 23,400 2024-T3 0,040 Sahcot Air 2.5

234 Al 1/& 0.05 25,100 2024-T3 0.040 0.30 Air 2.5

235 Al 1/8 0,05 18,000 2024-T3 0.050 0.305 Air 2.3

236 Al 1/ 0,05 24,5¢0 2024-T3 0,050 0,33 Ajr 2.5

237 Al 1/8 0,05 27,950 2024-T3 0,050 0,34 Air 2.5

(1) Owens-Corning TW-F fibergiass wool. (6) Honeycomb: 1/4-in. cell, 0,002-in. -

(2) -Johns -ﬁ-ianvi}[c micolite AA fiberglasc. (v Open-cell flexibie polyurethime foam,

(3)y Johns-M anyille unbonded B fibcrgiass. (8) DBonded aiaminum honeycomb.,

(4) Closed-cell rigid polyurethane foam. (9) Bonded sandwich weighs 1,61 lbf‘ft';-:-‘

(5) Stafoam 1901, (10)  Alwninum projectile-spheres wnd Les

e g e ,_«—A:l;»;,-—.. et
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CTION TESTS — 1/4-INCH LIGHT-GAS GUN

[ ) Shield No, 2 L Filler L Skin
Material Thick., Damage Material Thick., Density Miterial Thick. Damage
(in.) _ (n.) o n.y bty ing
g 202 ~T3  0.050  Nonc
=3 2024-T3  0.050  None
2024-V3 0,040  Pitting, local deformation
K 2024-T2  0.050  2.3- x 3.53-in. hole
»i: 2024-T2 0,020 1.4 (1) 3.4 4,4 2024-T3 0,040 Pitting, local deformation
5 2024-T3 0.020 1.& (1) 3.4 4.4 2024 -T2 0,040 Pitting, local defcrmation
2024-T3  0.02% 4x4.5 Air 3.4 2024-T3  §, 040 Melted glass
2024-T3 0.020 axl.5 Ajr 3.4 2024-T3 0.040 Melted glass
2024-T3 0.020 Alr 3.4 2024-T3 0,040 None
2024-T3 0.020 0.95 (M 3.4 1.4 2074-T3  0.040 llone
2024-T3 6.020 0.8 (1) 3.4 4.4 2024-T3 0,046 Pitting, melted glass
1 2024-T3 9.020 2x2.5 (1) 2.4 4.4 2024-T3 0.040  0.4=-in. hole
2024-T 0.020 2 (1) 3.4 %, ¢ 2024-T3 0.040 Shallow dent
2024-T3 0.020 Petaling (1) 1.5 4, 4 2024-T3 0.040  Shallow dent
2024-T3 0.020 Petaling (1) 1.5 4,4 2024-T3 0,040  Melted glass
2024-T3  1.020 1.15 (1) 1.5 4.4 2024-T23 0,040  Melted glass. local defor-
9024-T3 0.020 2x2.5 (1) 3.4 L4 2024-T3 0.040 None mation
2024-T3 0,020 1.5 (1) 3.4 4, 4 2024-T3 0.040 Noue
2024-T3 0.9020 Sabot (1) 3.4 4, 4 2024-T3  0.040C None
2024-T3 0.020 22 (1) 5.4 4, = 2024-T3 0.040 None
2024-TS 0,020 3 (1) 3.4 3.1 2024-T3 0.040 Shallow dent
2024-T3 0.020 0.8 (1) [ 5.0 2024-1T3 0,046 None
2024-T3 0.020 1.5 (h d.4 5.0 2024-T3 0.040 None
2024-T3 0.020 0.02 (1 3.4 3.4 2024-T3 0,040 None
2024-T3 0.020 1.6x2.3 (1) 1.5 5.0 2021-T3 0,040 None
Jyall thickness.
;%.:,m projectile-cylinders, 1./D shown.
=) 95




Table

L Projectile (10) ___._.Shield:Nol i _ Filler )
Tesi Material Size Weight Veloeity Matevial Thick, Damege Material Thick. -Densit
Number (n.) (gram) cofpsye oa o i) dmyo o (ing) @by
238 Lexan 0.3x0.27 0.32 16,000 2024-T3 0.020  0.35 Air 2.5
239 Al 3/16 0.162 16,200 2024-T3 0,050  0.365 Air 2.5
240 Lexan 0.32x0.250,35 23,100 2024-T3 0.020 0.31x0,31 Air 2.5
241 Al 1/4 0.38 28,100 2024-T3 0.020 0.31 Air 2.5
242 Lexan 0.322x  0.31 17,900 2024-T3 0.020 0.33 Air 2.5
0.25
243 Lexan 0.177x  0.16 18,600 2024-T3 0.020 0.335 Air 2.5
0.25
244 Lexan 0.322x  0.31 22,900 2024-T3 0.020 0.465 Air 2.5
0.25
245 Lexan 0.177x  0.22 22,600 2024-T3 0.026 6.345  Air 2.5
0.25
246 Lexan 0.322x  0.31 22,400 2024-T3 0.020 0,43 Air 2.5
0.25
247 Lexan 0.295x  0.27 21,400 2024-T3 0.020 0.335 Air 2.5
8.25
243 Lexan 0.295x  0.27 22,500 2024-T3 0,020 0,340 Air 2.4
0.25
24¢ Lexan 0.295x 0,27 19,000 2024-T3 0.020 0.435 Air 2.5
0.25
250 Lexan 0.295x  0.27 19,700 2024-T3 0.032 0.390 Air 2.5
0.25
251 Lexan 0.295x  0.27 22,400 2024-T3 0,040  0.42 Air 2.5
0.25
252 Al 1/4 0.38 19,900 2024-T3 0.020 0,335 (2) 2.5 1.02
253 Al 1/4 0.38 20,000 2024-T3 0.020 G.34 (3) 2.5 0,85
254 Al 1/4 0.38 20,000 2024-13 0.029 0.35 (2) 2.5 4
235 Al 1/4 0.3% 24,100 2024-T3 0.040 0.4 (8) 2.5 4.2
256 Al 1/4 0,56  22,00& BFESS 6020 0,24 (1 2.0 +.2
257 Al 1/% 0,05 24,700 2024-T3 0,020 0,24 Air 1.5
9258 Al 1/ 8 0.05 24,700  2024-T5 0 0,020 0,22 D) 1.5 2.0
259 Al 1/% 0,03 22,000 30185 0,020 6,207 () 2.5 i.9%

- o ene iR s Lt 490588 e Ao TR e 8528 P 1 A AP T 4 88 ot 018 AR SR AR s b o . *,-/' '\
o |




4\-8: (Cont) LT

_Shield No, 2 . Filler Skin

~ Material Thick. Damage Mzater'al Thick. Density Material Thick, PDamage
(in.) (i) (n.) (/17 L n) o e
20214-1T3  0.040 1.4 (1) 3.4 4.1 2024-T2 0, 040 0. 1-in Tocal deformiation
2024-T3  0.080 0.4xC.4 (%) 3.4 4.1 2024-T3  0.030  Nonc
2024=T3 0,040 2.5x3 (1) 3.4 4 2024-T3 0 0.040. . Small dimples
2024-13 0,020 1.1 (4) 3.0 2.0 2024-T3 0,040  Complete {ailure
2024-T3  0.040 1.1 (1) 3.4 1.4 2024-T3 0.040  Pitting, local deformation e |
2924-T3  6.040 0.65 (1) 3.4 2024-"1s 0,025 None
2024-T3  6.040 2x2.5 (1) 3.4 2024-T3 0.040  Pitting, large deformation
2024-Tg  0.040 1.3x? m 2.4 2024-T3 0.040  Pitting, large deiormation
2024-T3 0.040 2 (1) 3.4 2024-T3 0.040 Pitting, large deformation
2024-T3  0.040 1x1.3 (1) 3.4 2024-T3 0.040  Pitting, large deformation
2024-T3 0.040 1x1.5 (1) 3.4 2025-T3 0.05C¢  Pitting, large deformation
2024-T3 0.040 2x2.3 Air 3.4 2024-T3 0.040 Penetrated
2024-T3 0.040 2x2.5 Air 3.4 2024-T3 0.040  0.2-in. hole and craters
2024-T3 0.040 2x4 Air 3.4 2024-T3 0.040  Some local cratering
. 2024-T3 0.020 5 Air 2024-T3 0,040 2.2-1m. hole
©2024-T3 0,020 3xd Air 3,4 2024~T3 0,040  Penetrated
C2024-T3  0.020 Torn Air 3.4 2024-T3  0.040  Dented
2024-T3  0.020 4.5 Air 3.4 2024-T3 0,020 Dented
T075-76  0.040 3 (3) 2.0 9 707516 0.040  Dented
2024-T3 0,020 1.2 (3) 1,5 2.0 2024-T3 0,025  Dented
!
| I 2024-T3  6.025 2 (6) 0.62 d.u 2024-T3 0,025 Dented
L 2024-T3 0,020 Dented Air 1.0 202413 0,020 Dented
i I 97
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) _ Projectile (10) . Shield No. 1 Filler
. Test Material Size  Weight Velocity Materiai Thick. Camage Material Thick.
Number (in.)  (gram)  (fi:s) (in.) (in.) (in.)
260 Al 1/4 0.38 19,800 2024-T3 0.020 0.34 {7) 1.5
261 Al 1/4 0.3¢ 19,800 30188 0.020 0,36 (1) 2,0
262 Al 1/4 9.38 20,400 30! SS 0.020 0.37 (1) 2,8
263 Al 1/8 0.05 20,500 2024-13 0,010 0.16 Air 0.75
264 Al /4 0.38 21,0060 2024-T3 0.020 0.34 Air 1.0
.0




Table A-5: (Cont)
Shield No. 2

Skin

. D

3.5

[}

. b

Density Material Thick. Damage Material Thick. Densiiy
Ao/t

Meaterial

2024-T3 0.025

(6)
(6)
(6)
(1)
(1)

Thick,

{in.)

0,025
0.025
06.025
0.025
0.050

»
froT TTEENEEN

.5 -in. hole
4--in. hole

1. 3~in. hole

0. 75-in. hole
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. Table
. . SPECIMEN .
% ’ Lest Thickaess  Stress Temperature  Cryogen Tank
) Number Material {in.) (ksi) CE) Tank  Conicnis _M:ltr_'ria\
2014-"06 0, 090 27.0 70 Nonc 2014-T6
2014-T6 0. 090 35,0 70 None 2014-T6
267 2014-T6  0.090 38,7 70 Yes SOTETS
268 2014-T6 0,090 . 20.9 -120 Yes GN, 2014-T6
269 2014-T6 0.090 20.7 -230 Yes GN, 2014-T6
270 2014-T6 (. 090 37.8 -182 Yes GN, 2014-T6
| “73014-T6 0,090 29.0 -200 Yes GN,  2014-T6
S 272 14-T6  0.090 45.5 ~200 Yes GNy 2014-T6
% . 273 2014-T6 0.040 51.5 -270 Yes LNg 7075-T6
- 274 2014-T6 0.040 40.7 -285 Yes LNy 7075-T6
275 2014-T6 n.040 35.3 -300 Yes LN, 7075-T6
b 276 20614-To 0.040 22.4 240 Yes LN, 7075-T6
_ 207 2215-T62  9.100 25.5 0 None 7075-T6
~ 275 2219-T62  0.1¢0 33.1 "0 lone 7075-T6
ﬁ 279 2219-T62  0.100 40.3 70 None 2014-T6
j ’ 250 2219-T62  0.100 9.9 -170 Yes GN, 2014-T6
N ] 251 2219-T62  0.100 24.7 -130 Yes GNy 2014-T6
= 252 2219-T62 0,100 38.3 -140 Yes ONa 2014-T6
= 253 2219-T€2 0,100 49.7 ~180 Yes GN, 2014-T6
254 2219-T62  0.7i00 40.1 - =258 Yes 1L.Ng P0%5=T6
255 2219-T62  0.100 66.1 YR  Yes LN, 7075-T6
286 2219-T62 0.1060 19.3 -290 Yes LN, None
» 28T 2014-T6 0. 040 0 -260 Yes LNy None
— 258 2014-T6 0. 090 0 -270 Yes LN, None |
-\ ' 289 2014-T6 0,100 0 -2 80 Yes LN, None
t g 490 2014-T6 0.100 0 -2%0 Yes LNQ None
- 201 2014-T6 0,090 0 287 Yes LN Nonc
. 202 2219-T62 6,100 0 -500 Yes LN: Nonc
T 200 2219-T62 0.1006 1] 200 Yes [ Nfﬁ Nonce
; (1 Complete Yailbnye 11 Failod One Side N No Failure
o nn Daochlor Dedagninatod M- Midseetion Blown O RF iapid Preoet



—49: STRESSED-SPECIMEN TESTS — 1/4-INCH LIGHT-GAS GLITI'.\'

SHIE LD PROJECTILE IMPACT TILsST
Sphere Hole Damage Crack
Thickness  Space Diamcter Mass  Vcioeity Diameter  Diawmcier Tenoth
(in.) (in.)  Material (in.) (gram) (Ips) (in.) _{in,) Cling)
0. 440 4.0 Al 1/4 0. 35 20, 000 0,4 3.0 5.0
0. 090 4.0 Al 1/4 0.5 20, 600 0 2.9 5.0
0.090 4.9 Al 1/4 0.38 20, 400 0 2.4 1.2
0.090 4.0 Al 1/4 0.3% 20, 300 0 2.5 2.5
0.090 4.0 Al 1/4 0.38 20, 900 ) 2.7 2.5
0.000.. 4.0 - Al 1/4 0.38 20, 500 0.1 2.7 4.5
. 090 2.5 Al 1/4 0. 38 20, 600 2.5 2.1 5.0
0. 090 2.0 Al 1/4 0.38 20, 600 1.6 1.5 2.6
0.040 5.9 Al 1/4 0.38 20, 800 2.0 3.4 2.0
0. 040 5.0 Al 1/4 0.38 20, 400 2.0 3.5 5.6
0.040 3.0 Al 1/4 0.38 20,600 2.0 2.2 8.0
0. 040 3.0 Al 1/4 0.3% 20, 600 1.7 2.3 4.9
0. 090 1.0 Al i/4 0.38 20, 700 0 2.5 1.7
0. 040 5.0 Al 1/4 0.3% 20. 300 0.5 2.2 2.6
0.090 4.0 Al 1/4 0.3 20,600 0 2.8 2.0
0. 090 4.0 Al 1/4 0.35 20, 300 0 2.4 0.6
0. 090 1.0 Al 1/4 0.3 21, 000 0 2.5 0
0.090 1.0 Al 1/4 0.3% 20, 600 0 2.6 0.70
0.090 4.0 Al 1/4 0.3% 20, 500 0 2.8 0.6
0.020 4.0 Al 1/4 0.35 20, 900 0.8 1.3 0
0.020 1.0 Al 1/4 0. 33 20, 000 0.7 1.9 2.0
Al 1/4 0.38 20, 700 8.0
Al 1/4 0.38 21, 000 8.0
Al 1/8 0.05 18, 400 2.3 None ¢
Al 1/8 0.05 25, 000 0.4 None 0
Al 3,16 0.16 24, 000 2.0
Al 1/4 0. 38 20, 000 R0
Al 3/16 0.16 24, 600 0.5 None L
Al 1/4 0.3% 19, 500 0.6 None 0
50 Slow Growih



STATIC TEST (70°F)

Maximum Gross
Failure Load Stress
Mode (kips) (ksi)
F-1
C¥
MF
NF 28.1 39.0
NF 22.4 31.1
MF
CF
NF 28.0 38.9
CF
F-1
CF
- F-1
NF 26.6 33.3
NF 23.3 29.2
NF 23.9 29.9
NF 29.5 36.9
DD D
NF ' 366 45.8
NF 34.0 42.5
NF 28,8 36.0
36.8
NF
NF
CF
“oF
NF 35.0 43, %
NF 32.0 40,7
T Y

Net
Stress

_(ksi)

[41]
[l
<

53.3

NS
o
[{e] © (¢ o} [awn]

49.0
48.5
64.0
49.0

Critical
Crack

_(in.)

NN V]
(V1) b

L)
.

(W]
X} o

0.7
1.0

2.0

Slow Growth

Crack FFailure
(in.) Modc
2.9 RF !
2.6 RF
2.8 SG
1.
2.1 SG
4.5 SG 2
2.8 SG s
2.9 SG
RF
1.0 RF
3.5 SGirerer o |
RF —
101
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j Tabie A-10: BRIAXIAL-STRESSED-SPECIMEN TESTS -
| SPECIMEN SHIELD
Thick- Temper- Thick-
4 Tost ness Pressure Stress Tank ature Nness

4 Number  (in.)  (psia) _(ksi) Contents CF) _(in.)  Material

295  0.103 1010 27.5 a) 200 6090 B0L4nE
296 0.10 1030 28.0 (1) ~200 0.090  2014-T6

g (1) Supercritical niixture.

]
dhe

?(-




- 1/4-INCH L1GHT-GAS GUN (171-INCH-DIA 2014-T6 SPHER'AL TANK)

o PROJECTILE IMPACT TEST
impact Co
Damage ;
Spacing Diameter Mass Veioeity Diameter Failure :
(in.) Shape (in,) waterial  (gram) (fps) {in.) Moaode
Sphere 2/16 Al 0.186 24, 000 0.60 Split
4 Sphere 1/4 Al 0.37 20, 000 2.7 No failure

3 Sphere 1/4 Al 0.37 21, 100 2.7 Catastrophic
i
i
@
i
1
|
|
|
103 “
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‘ “PRECEDING PAGF BLANK-NOT FiLKED"

ﬁ Table A-1]: PKOPERTIES OF PROJECTILE AND SPECIMEN MATERIALS
Coctliciont

= Yield Ultimate Melting Sonie Modulus of  Specific  oi’thermal
) Density  Strength Strength Temperatore Velocity  Elasticity Heal [ xpransion
- Material em/em?) _(ksi) _ (ksi) CF) (fps _(10° kgi)_ (Btu/Ih/°F) (in. /in, /°F)

Foamed 1.2 13,7 x 1070
- Aluminum
. 9219-T62 2,77 37.3  55.3 930-1200 16,650 10. 5 0.2 111076
E 2024-T3 2,77 aC 70 0251180 16, 650 105 0.22  i7.9x 1070
B 2014-T3 2,77 61.5  69.1 950-1180 16,650 10,5 0,22 2.8 x 1070
| Reryllium- 8.24 25-35  60-80  1600-1800 13,100 10 0.10 8.3 x 1079
=l °  Copper
- _ Niobium 10. 8 35 40 1470 13, 800 15 0.065  3.82 x 107"
E Copper 8.95 10 32 1980 11, 600 0.092  9.3x 1076
; Lead 11.3 1.6 2.2 620 3,620 2 0.031  16.:x 1078
§ Magnesium 1.74 32 42 1050-1170 15,700 6.5 0.245 16 x 1070
] Magresium- 1.35 15-24  19-25 1070 18, 000 6 0.346 21.8x 1070
= Lithiam
- TZM 10.2 105 125 1750 17, 400 46 0.061 3.1x167% -
B Molybdenum
. Foamed 2.52- 2630 9.2 x 1070
= Nickel 3.6
:, . Pyrex 2.2
? Sapphire 3.9
~ 301 Stainless 7.84 40 110 2570 16,100 28 0.12 9.4 x 1070
- Steel
- 321 Stainless 7. 9% 30 90 2570 16,100 28 0.12 9.5 % 1076
1. Steel
- 1095 Steel 7.84 75~  110- 2570 16, 750 29-30 0.10- 8.1 31076
R 120 190 0.11

Tantalum 16.6 48 50 5425 11, 000 2 0.036  5.6% 1079
1 - Titanium 4,73 137.8  142.9  2800-3000 16,400 15-17.5 0,135 5.&x 1070
{ «  Tungsten 19.3 220 220 6170 14,200 59 0,034 2.5 x 107"
- /e 7.14 20-25 790 12,100 0,094 10,3y 107"
1 105
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APPENDIX B—QUALITY ASSURANCE
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QUALITY ASSURANCE

The items manufactured under this program were the specimens used for testing
in the Boeing hypervelocity ranges. The critical characteristics of these test
specimens were material identification and thickness; the critical characieristics
of the cellular or fibrous materials were their identification and density. These
were verified, measured, and recorded as part of the iest data log.

The thickness of plates and tensile specimens was measured to tie nearest
five ten-thousands of an inch using calibrated micrometers. A vidigage was
used to measure thickness of the spherical specimens to the nearest half-
thousandth of an inch in the impact area.

Suppliers were required to submit certified test:reports: as applicable, contaiving
data on material chemistry, physical properties, and density. Raw materials,
manufacturing processes, and test specimens were inspected for conformance to
engineering design specifications, and appropriate records have been documented.
Test instrumerts were calibrated st regular intervals using primary standards
maintained in the Boeing Metrology iaboratory. These standards are periodically
calibrated by the National Bureau of Standards. Instrumentation periormance

was monitored daily.

Quality assurance records are identified, documented, and preserved in accessible
form in acr~rdance with standard Boeing policy. Test conditions were recorded
for each test series on standardized data sheets to ensure that all relevant informa-
tion necessary for evaluation of the test was oktained.
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FRAGMENT DIAGNOSTICHS

Commercial cquipment adequate to establish the characteristics of the spray
debris cloud emanating {from a perforated sheet iz not available, Therefore. o
variely of instrumentation was designea, huilt, and usced to measure tempera.-
ture, pulse pressure, and fragmeut veloeity during hypervelocity tmpact tests.
The instrumentation and the progress achieved in improving the quality of the
dala is described in this appendee

TEST SPECIMEN

Various target configurations were used, most of which consisted of 0.020- and
0. 040 -inch-thick aluminum plates separated from a solid backplate hy various
thicknesses and densities of fiberglass wool. A special test fixture, Figure C-1,
was designed to hold the target material and instrumentation in the light -gas-gun
test chamber.

INSTRUMENTATION

Three types of special instrumentation were vsed in this test series. These
consisted of temperature measurement by a series of thermocouples on a thin
plate behind the fiberglass., measurement of thc shock-wave velocity as it pro-
gressed through the fiberglass, and dynamic measucement of pressure caused by
the shock wave in the fiberglass hitting the solid hackplate. Each of these will
be considered in the following discussion.

Temperature

For the series of temperature measurement tests, several aluminum plates
(06.010~ and 0. 020-inch thick) were fabricated with 24 thermocouples welded in
place. The thermocouple pattern is shown in Figure C-2. Each of the first six
thermocouple platésiwers actually twe plates in one, the upper half 0.010-inch
thick and the lciver half 0.040-inch thick. Some tests were run with the entire
plate either C. !9~ or 0.040-inch thick.

The photocell and pulse generatoir were pai‘t of the light-gas-gun instrumentation
setup. Their purpose was to estoblish a reference point in time for the particle
position as it traveled in the vacuum chamber before hitting the target. Knowing
the particie velocity, the time of impact could be calculaied and co:nnared with
the time the first data appeared,

The d, ¢, snurce and vacuum-tube voitmeier were used to supply a calibration
voltage to the tupe, This voltage was cquivalent to a calibrated temperature snd
appearced in the data readout,
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Data reduction jor temperature was obiained by slowing the tape recorder by
o factor of 16:1 aad making an ovcillucrruph record of the data, Temperatures
were then read by direct measurement of the oscitlograph.

BN U UERE) N

Veloeity

A special probe was cong’ructed o measure the propugation velocity of the pene-
irating disturbance in the specinien. This probe consisted of four pairs of closely -
spaced wire rings mounted on a conical prohe extending from the backplate of the
specien iato the glass wool. Figure C-3 shows a probe and associaied thyratron
tuhcs. The outer rings of all pairs were connected logether to a source of +60
volts d.c.  The inner ring ot each pair was connected to the grid of a thyrairon
(2D21) tube, which was held at cutoff by a -6-volt hias acting through a

a 3-megohm resistor. The vollage across the 50-ohn: cathode resistor was
applied ‘o a tape recorder operating at 60 ips, giving a rise time of approxi-
mately 1 microsecond.

e
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The operation of this instrumentation was based on the assumption that the shozk
wave disturbance in the glass wool would be suffictent-toionize some of the
surrcunding material. This-in-turn-would-alle """,_corrductmn be.i the-wire
rings to overcome the thyratron's 6-volt grid bias, - PR

Pressure

The initial pressure measurement tests used pressure transducers that consisted
of a solid steel piston mounted on the back of the test fixture through a hole into

y the test fixture interior. Strain gages, connected i a four-arm bridge circuit,
e were cemented to the piston base. Figure C-4 shows the transducer installation

! in the test fixture.

After the initial test shots, the test fixture was modified so the transducer base
could not he accelerated backwards before the pressure pulse reached the end of
the transducer. The transducer tip protruded through the second 3/4-inch-thick
, plate, which was relatively free to deflect without affecting the mounting plate.
New transducers were designed and installed as shown in Figures C-5 and C-6.

e it g

After a question arose as to the validi‘y of the transducer's static force calibra-
ticn used for dynamic excitation calibration, a transducer was designed so that

a. 2-pouad weight could be screwed directly to the end o’ the piston, The trans-
ducer was placed on a shaker and vibrated at a resonance such that the weight
experienced 300 g's peak. This is equivalent to a peak force of 1000 pounds, or
a dynamic pressure of about 10,000 psi, since th2 area of the piston is 0.1
square inch. The resonant frequency of the weight and piston was approximately
4000 cps. Six millivolts (imv) peak was obtained from the strain-gage bridge.
The piston was then subjected to 100 pounds of static “orce and again 6 mv

(5 percent; were obtained from the strain-gage bridge. This meant that a static
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Figure C 3 VELOC ITY MEASURING PRObF AND THYRATRON TUBES

Figure C-4: TEST FIXTURE SHOWING PR"SSURE TRANSDUCERS
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Figure C-5: MODIFIED PRESSURE TRANSDUCER
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Figure C-6: INSTALLATION OF MODIFIED
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calibration would hold for dynamic loads up to 10,000 psi at 4000 cps within the
required accuracy of the measurement to be made,

TEST RESULETS AND DISCUSSION
Temperature Datn

Al wemperature data for o series of 10 test shots were tabulated with pertinent
test configuration infermation and plotted.,  The teniperature curves were
extremely dilficult to plot to any rescemblance of smooth contours. 'This ap-
peared to indicate that hot particles were hitting the plates, resulting in hot
spots and a nonuniform temperature pattern.  Figure C -7 shows a typical con-
tour for a successful shot,

Velocity Data

Velocity data for a series of four shots are plotted in Figure 28, The signifi-
cance of these data has been discussed previously (see section entitled '"Frag-
ment Velocity'").

PressureBata

An intzresting aspect of the first series of tests using the original transducers
was that the FM-recorded indicated pressure went negative before going positive,
whereas the direct-recorded indicated oressure went positive. The negati- .
pulses lasted about 30 microseconds, after which there was some oscillation
(12,070 to 18,000 cps) about the zero point. After approximately 3 milliseconds,
another pulse appeared, also in the negative direction in most of the FM-recorded
channels. This behavior of the negative pulse appearing just after impact may
have been the result of the transducer and the recording system's inability to
respoud to an extremely short-duration pulse (shorter than 10 microseconds),

in which case the first shock-putse-would not be ochserved. An evaluation should
be made to determine the recording characteristic of the pressure data system
when subiected to various pulse widths,

A series of five tests was performed using the redesignhed pressure transducers.
The pressure data recorded for this series were very noisy. This was taken to
be indicative of loose strain gages. Subsequent static testing showed the bond
holding the strain gages to the pistons had indeed failed under impact. No fur-
ther tests using these instruments were performed.
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Subscript a = Test Configuration
Subscript b = Req'd Confiouration
tq = Thickness of Third Sheet in u Three Sheet Barrier

Directions

1. For aluminum projectiles inte aluminum shields -
a. Assume S, , t, , und N_ are known from a test
la’ "2a a

having the same shield as that required and

impacted by a similar projectile at the same
veloeity.

b. Fntfr with known & required quantities as
~zz - shown in the example.
#e. To design a two-sheet structure, let N

For a three=sheer structure, find Np, for the
required fopy e fo find the required : L1y¢ re-enter

chart letting f9g = top, and N - -1, Fora
new N =1, : Y3 is given on the t2b ne.

2, For aluminum projectiles into any metallic shield-

follow the same procedure as above, except 516
must equal S] .

3. Apply sofety factor as required

4. This chart not applicable for projectile

velocities less than 15,000 fps.

Example -
For S =2.3" & tog = 0.040", q test sh
requtred that the spo<.!ng_ S}b =

EXPER IMENTAL DETERMINAT ION.OF MULTISHEET BARRIERS.

stop on_the ahe("' following thé shleld (Nb = l)

Followmg the
(7 arrows on the chart, it is seen that ty required = 0,15",
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EXAMPLE | GIVEN | STEP1 | STEP 2
D 0.25
v/C 1.2 1.2
t/D 0.16 0.16
SL//D 0 10 ] B
b8 = | 0,08 | 008 0.08
A 0.08 0.36
N 3.4 2.4
N
. ol 3 SHEET
(b .
\v (‘:}‘-
° ¢y
"
)
"*. Uy

EXAMPLE 1 - DESIGN OF THIRD SHEET OF A
THREE-SHEET BARRIER

Fir.d number sheets penetrated if there were a series
of sheets of thickness f following the shield. Enter
nomogram at t,/D =016,V /C=1.2, S]/D = 10 and-—
?Z/D =0.08. ' The result is N = 3,4,

All but one of these sheets must be combined into
one sheet of equivalent penetration resistance.
Enter the nomogram at the number sheets to be
combined (N = 2.4) and to/n = 0,08, Move
horizontally to the desired N (one) and read

off the required t2 /0
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)f V = Meteoroid Veloc:ty
s C = Speed of Sound in Shield (first shee’r)
L D = Meteoroid Diameter: s s
5 o S] = First t> Second Sheet Spacing. .
T ] = First Sheet (shield) Thickness
N = 2nd Sheet Thickness

j t2 = 3rd Sheet Thickness
; : N = Nomber of Sheets Penetrated Beyond Shield (first sheet)
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L EXAMPLE GIVEN | STEP 1 | STEP 2
D 0.27
v/C 5 6
to/D 0.074 | 0.148 | 0.074
to/D 0.148
5,/D 18.5 18.5
N )
t,/D ? 0.20
~|  RESULT N =1.5 |"=0.054

—s 7 . N .

EXAMPLE 2 - DESIGN OF FIRST SHEET OF A
THREE-SHEET BARRIER

Find number of sheets of euual thickness t, of

an equivalent penetration resistance barrier, i.e.
convert sheet 3 to an equivalent number of sheets
of thickness t,. Enter nomogram at N =1 and

f2/D =0.148, Move horizontally to t2/D =0,074.
The result is 1.5 sheets,

Re-enter the nomogram at the total equivalent
number of 2 /p sheets (N = 2.5), t2/p = 0.074,

Sl,/D =18.5, andV/C=6. The result is t/p = 0.20.

DESIGN OF MULTISHEET METEOROID BARRIERS
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